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Development and optimisation of canola protein isolate and 
chitosan complex coacervate 
 
Abstract 
 
Complex coacervation — a process in which liquid–solid phase separation occurs as two 
oppositely charged polymers undergo complexation in an aqueous medium — has been of great 
interest in recent years due to the high strength of the complex coacervates produced.  
Complex coacervates have many novel applications including for microencapsulation purposes, 
controlled delivery applications, edible films and many other applications in the food and 
pharmaceutical industries. The most important industrial application of complex coacervation 
is in the microencapsulation of sensitive ingredients in the food and pharmaceutical industries. 
Coacervates have become more important with the food and pharmaceutical industries 
expecting increasingly complex properties from food and pharmaceutical ingredients. Despite 
all the interest and previous research, there are still big opportunities for improvement in 
identifying a new and novel complex coacervates and its application in encapsulation. Hence, 
in this thesis, a new and novel complex coacervate, canola protein isolate-chitosan complex 
coacervate (highly nutritional, underutilised, abundantly available food waste) was identified 
and studied. Food-grade complex coacervates, in which the cationic and anionic polymers are 
both of food grade, such as canola protein isolate (CPI) and chitosan (Ch), are desired due to 
their nutritional benefits and superior functional properties in stabilizing unstable food 
ingredients such as edible oils, enzymes and flavours against oxidation or degradation, as well 
as providing controlled release of sensitive ingredients.  The concept of controlled release of 
the encapsulated ingredient at the right place and the right time is receiving more and more 
                                                                            XIX 
interest. Controlled release of the ingredients can improve the effectiveness of food additives, 
broaden the application range of food ingredients, and ensure optimal dosage of substances / 
ingredients. 
The focus of this research was on the development and optimization of a complex coacervate 
that would be compatible with encapsulation of thermally sensitive edible oil. For this purpose, 
a protein and polysaccharide, namely canola protein isolate and chitosan, were selected to yield 
a novel, compatible pair of complex coacervate, with many potential benefits ensuing from the 
recycling of huge amounts of highly nutritious canola meal wastes into high-value products.  
Canola protein isolate–chitosan (CPI–Ch) complex coacervates were produced through the 
complex coacervation process using purified canola protein isolate and chitosan with varying 
ratios between 1:1 and 30:1, at pH values of 4.0 to 8.0. The complex coacervation phenomenon 
occurring between canola protein isolate and chitosan was studied. The developed CPI–Ch 
complex coacervates were characterized using a variety of techniques to determine the 
optimum CPI–Ch complex coacervate conditions for the highest product yield and quality. The 
optimum CPI–Ch complex coacervate was used to test its application in encapsulating canola 
oil, which has good potential for commercial application in the frozen food industry.  
The factors affecting the yield of CPI–chitosan complex coacervates such as CPI-to-chitosan 
ratio, pH and strength of the electrostatic interaction (SEI) were investigated. The optimum 
complex coacervation between CPI and Ch occurred at the CPI-to-chitosan mass ratio of 16:1 
and a pH of 5.8–6.2, which was reflected in the high complex coacervate turbidity and yield 
value at that condition. This was consistent with the maximum SEI value for CPI and chitosan, 
which was found to be highest at pH 6.0. At this pH, CPI and chitosan exhibited their highest 
binding strength, an important parameter for complex coacervation. 
CPI–Ch complex coacervate functional groups were determined using Fourier-transform 
infrared spectroscopy (FTIR). The CPI–chitosan coacervates (crosslinked and uncrosslinked) 
                                                                            XX 
contained functional groups that were a combination of those present in CPI and chitosan, with 
minor shifts and domination by the CPI functional groups due to the high CPI-to-chitosan ratio. 
The thermal characteristics of CPI–Ch complex coacervates were determined using differential 
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The peak denaturation 
temperature and the denaturation enthalpy of CPI in CPI–chitosan complex were higher than 
those of the free CPI, indicating that the coacervation made the CPI more thermally stable. The 
increased thermal stability of CPI in CPI–chitosan coacervate indicates that CPI–chitosan 
complex coacervate would be suitable for encapsulation of thermally sensitive food and 
pharmaceutical ingredients.  
Rheology studies were conducted and it was thereby found that the CPI–chitosan coacervates 
exhibited elastic behaviour, as evidenced by significantly higher elastic modulus (Gʹ) compared 
to viscous modulus (Gʺ) in all the tested ratios and pH ranges. They also exhibited shear-
thinning behaviour during viscous flow. The complex coacervates formed at the optimum CPI-
to-chitosan ratio of 16:1 and pH of 6.0 manifested the highest Gʹ and Gʺ, which correlated well 
with the strength of electrostatic interaction (SEI), indicating the establishment of a strong 
intermolecular network in the coacervate at this CPI to chitosan ratio and pH. Gʹ and Gʺ were 
also found to decrease with temperature. 
Scanning electron microscopy (SEM) micrographs were acquired to elucidate the 
microstructural network and explain its effects that underpin the rheological behaviour. The 
SEM micrographs revealed that the CPI–Ch coacervates had a sponge-like microstructure. 
Thick-walled, sponge-like, less porous microstructure was observed at the optimum CPI-to-
chitosan ratio of 16:1 and pH of 6.0, which correlated well with the overall CPI–Ch complex 
coacervate characteristics and rheological results. The complex coacervates at a CPI-to-
chitosan ratio of 16:1 and pH of 6.0 also showed glassy consistency at low temperatures and 
rubbery consistency above their glass transition temperature, demonstrating the potential 
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application of these complex coacervates as effective encapsulants for unstable food 
ingredients. 
Canola oil microcapsules were produced using CPI–Ch complex coacervate, aiming for 
controlled release and to improve the oil’s oxidative stability. It was evident from the 
micrographs that the production of microcapsules of canola oil formed under various 
conditions with CPI–Ch complex coacervate as the wall material was functionally successful. 
They were larger in size, had lower polydispersity, and higher encapsulation efficiency. They 
also had superior oxidation stability overall compared to those with either CPI alone or Ch 
alone as the wall material, although microcapsules with CPI as the wall material did exhibit 
the minimum secondary oxidation (hexanal production in the 27-day accelerated storage test). 
It was found that the ratio of oil to CPI–Ch complex coacervate had a significant impact on the 
microcapsules: encapsulation efficiency increased with decreasing oil to CPI–Ch complex 
coacervate ratio, and the highest observed encapsulation efficiency of 86% was achieved at an 
oil to CPI–Ch complex coacervate ratio of 1:2. 
It can be concluded from this study that the potential utilisation of CPI–Ch complex coacervate 
as an encapsulant for liquid capsules containing a hydrophobic ingredient such as canola oil 
has been proven feasible at the laboratory bench scale, and has great potential for future full-
scale commercial applications requiring microcapsule wall materials. 
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Chapter 1 : Introduction 
 
1.1 Overview 
Proteins and polysaccharides are widely used by the food industry for their nutritional and 
food-structuring properties (Schmitt & Turgeon, 2011; Tolstoguzov, 2002; Ye, 2008). 
Interactions between proteins and polysaccharides can be used for many applications, including 
microencapsulation (i.e. shell materials for effective delivery and targeted release of bioactive 
components in food and pharmaceutical applications) (De Kruif, Weinbreck & de Vries R, 
2004; Moschakis and Biliaderis, 2017), biopolymer adhesives, edible films (Schmitt, Sanchez, 
Desobry-Banon & Hardy, 1998), texture modifiers (Evans, Ratcliffe & Williams, 2013), 
stabilization of food dispersions (De Kruif, Weinbreck & de Vries, 2004) and controlled 
delivery (Schmitt & Turgeon, 2011). Their attractiveness lies in their nutritional value and 
functional properties, which promote their use as ingredients to impart desirable structure, 
texture, flavour and colour characteristics to formulated food products. However, canola 
protein isolate (CPI) has not been adopted widely for food and pharmaceutical uses, and in 
particular the combination of canola protein isolate and chitosan has not received attention for 
these applications. 
Canola, which is abundantly grown in Canada and Australia, is popular and valuable due to its 
high quality edible oil content (Shahidi, 1990). Canola protein isolate (CPI) is typically 
extracted from canola meal, which is a protein-rich by-product of canola oil extraction (Aider 
& Barbana, 2011; Uruakpa & Arntfield, 2005; Wu & Muir, 2008). Given that large quantities 
of underutilized canola meal rich in canola protein are produced by the oil industry, its alternate 
use as a complexing biopolymer has economic potential. As such, the study of complex 
coacervation between CPI and chitosan will provide greater understanding of the science 
underpinning the complex coacervation phenomenon between a plant protein and a 
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polysaccharide of plant origin. This would be especially beneficial if it is utilized to encapsulate 
high-nutritional-value food or food which will enhance taste/texture/aroma such as oils (e.g. 
canola oil in frozen food, fish oil), which it has the potential to do. Furthermore, chitosan (Ch), 
being a sustainable, naturally-derived, high-molecular-mass cationic biopolymer, recognised 
for food neutraceutical encapsulation (Chen, Remondetto, and Subirade, 2006) and replete with 
mucoadhesive properties (Sogias, Williams & Khutoryanskiy, 2008; Sogias, Williams & 
Khutoryanskiy, 2012), intestinal lipid binding capacity, and serum cholesterol lowering ability 
(Razdan & Pettersson, 1994), is of practical interest and has great prospects,  motivating a 
study of the complex coacervation process between CPI and chitosan. In addition to that, 
chitosan also has antioxidative and preservative effects in proteins (Darmadji & Izumimoto, 
1994), is used as an emulsifier, thickener and stabiliser in the food industry (Shahidi, Arachchi 
& Jeon, 1999), and is easily manipulated in mildly acidic conditions (e.g. dilute acetic acid). 
Hence, it is of great interest to review CPI, chitosan, and associated coacervation and 
encapsulation studies that have been carried out by other researchers. 
 
1.2 Gaps in the area of study 
Coacervation with protein and polysaccharide has been of high interest among researchers in 
the food industry. There are studies such as pea protein isolate and chitosan (Elmer, Karaca, 
Low & Nickerson, 2011), soybean protein isolate and chitosan (Huang, Sun, Xiao & Yang, 
2012), and many other protein–polysaccharide coacervate studies. A number of the 
coacervation studies involve chitosan. However, there are very few coacervation studies 
involving canola protein isolate as the protein. The coacervation studies involving canola 
protein isolate comprise the systems of canola protein isolate with carrageenan (Stone, Cheung, 
Chang & Nickerson, 2013), canola protein isolate with alginate and carrageenan (Klassen, 
Elmer & Nickerson, 2011) and canola protein isolate with guar gum (Uruakpa & Arntfield, 
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2005). To date there has been no study on complex coacervation between canola protein isolate 
and chitosan.  
As for the rheological and microstructural studies of canola protein isolate and chitosan 
coacervate, there is currently minimal research involving either of these materials in the area 
of coacervation. There are some coacervation studies involving either canola protein isolate or 
chitosan independently with other materials, such as the systems of canola protein isolate with 
carrageenan (Uruakpa & Arntfield, 2004), canola protein isolate with guar gum (Uruakpa & 
Arntfield, 2005), gum arabic with chitosan (Espinosa-Andrews, Sandoval-Castilla, Vázquez-
Torres, Vernon-Carter, Lobato-Calleros, 2010), whey protein isolate with chitosan (Bastos et 
al., 2010), and some others. 
There is currently a lot of interest into utilization of coacervates as encapsulants, especially for 
unstable substances such as oil. Hence, quite a number of studies have been conducted in this 
area. However, to date there has been no study on coacervate encapsulants generated from 
canola protein isolate and chitosan, such as may be used to encapsulate canola oil.  
 
1.3 Aims and objectives 
This study was aimed to develop a novel type of complex coacervate utilizing a highly 
nutritional, functional, underutilised, and abundantly available food waste (canola meal) in 
combination with a sustainable, naturally derived, high-molecular-mass cationic biopolymer 
(chitosan). The developed CPI–Ch complex coacervate was then optimized to achieve 
optimum yield and product properties. The physical, functional, thermal, rheological and 
microstructural properties of CPI–Ch complex coacervates were also studied. The CPI–Ch 
complex coacervate was then utilized to encapsulate canola oil, resulting in canola oil 
microcapsules. Study of the microcapsule properties were also carried out.  
The objectives of this research are summarized as below. 
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• Development of the CPI-Ch complex coacervate. 
• Optimisation of the CPI–Ch complex coacervates by investigating the effects of different 
CPI–Ch mass ratios and pH on turbidity (spectrophotometer) and yield. 
• Investigating the properties of CPI–Ch complex coacervates, encompassing functional and 
thermal properties, using Fourier-transform infrared (FTIR), thermogravimetric analysis 
(TGA), and differential scanning calorimetry (DSC). 
• Investigating the rheological properties of CPI–Ch complex coacervates including 
viscoelastic properties such as storage modulus, loss modulus, and steady shear viscosity, 
and furthermore investigating the rheological behaviour under dynamic conditions using 
dynamic mechanical analysis (DMA).  
• Comprehensive study of the surface morphology of freeze-dried CPI–Ch complex 
coacervates through scanning electron microscopy (SEM). 
• Investigate the link between rheological properties and microstructural properties. 
• Development of canola oil microcapsules using canola protein isolate–chitosan complex 
coacervate as the encapsulant. 
• Study the properties of the generated microcapsules, in particular the encapsulation 
efficiency and oxidation stability. 
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Chapter 2 : Literature review 
 
The chapter surveys the literature relating to canola protein isolate (CPI), chitosan (Ch), CPI-
Ch complex coacervate. The factors affecting protein-polysaccharide complex coacervate 
development and their potential effects on the physical, microstructural and  rheological 
properties of complex coacervate will also be studied.  
This literature review will also involve the studying of encapsulation of sensitive materials 
with complex coacervate and its effect on the sensitive materials.   
 
2.1 Canola protein isolate 
Canola (an oilseed plant which is also known as rapeseed) is one of the largest oilseed crops in 
Australia (canola and cottonseed account for more than 90 percent of total annual oilseed 
production of 5 million tonnes) (USDA Foreign Agricultural Service, 2018). The production 
of canola has been increasing since the 1990s (ABARES, 2016). Canola is mainly used to 
produce canola oil by extracting oil from its seeds, with canola meal as the main by-product. 
Canola oil production will therefore generate a large amount of canola meal, which will 
potentially go to waste, though some amount may be used as animal feedstock. Converting 
canola meal into higher value products such as canola protein isolate is desirable for its benefits 
to the environment as well as the reduction of unnecessary wastage of food and nutrition. 
Canola meal (Figure 2.1) consists of a high percentage of protein (30–34% (Tzeng, Diosady & 
Rubin, 1990)) as well as various minerals and vitamins, as indicated in Table 2.1. Canola 
protein can be extracted from canola meal by adopting the alkaline extraction methodology 
using sodium hydroxide followed by precipitation with dilute acid (Klockeman, Toledo & Sims, 
1997; Aluko & McIntosh, 2001) to produce CPI. 
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Figure 2.1 : Canola meal. Reproduced from Tzeng, Diosady, and Rubin (1990).   
 
Table 2.1 : Chemical composition and gross energy values of canola meal (reproduced from 
Tzeng, Diosady & Rubin, 1990).  
Composition Content in canola meal 
Moisture (%) 8.5 
Crude protein (%) 38.29 
Ether extract (%) 3.59 
Acid detergent fiber (%) 17.47 
Neutral detergent fiber (%) 21.24 
Crude fiber (%) 12.01 
Gross energy (MJ kg−1)  18.64 
Minerals:  
 Phosphorus (%) 1.03 
 Calcium (%) 0.64 
 Potassium (%) 1.24 
 Magnesium(%) 0.52 
 Sulfur (%) 0.86 
 Sodium (%) 0.7 
 Boron (%)x 2.1 
 Copper (µg g−1) 5.8 
 Iron (µg g−1)          144 
 Manganese (µg g−1)          50.1 
 Molybdenum (µg g−1) 1.4 
 Selenium (µg−1) 1.12 
 Zinc (µg−1)          69.4 
Vitamins:  
 Vitamin E (alpha-tocopherol) (mg kg−1)   14.5 
 Pantotenic acid (mg kg−1) 9.5 
 Niacin (mg kg−1)         160 
 Choline (mg kg−1)         6700 
 Riboflavin (mg kg−1) 5.8 
 Biotin (mg kg−1) 1.07 
 Folic acid (mg kg−1) 2.3 
 Pyridoxine (mg kg−1) 7.2 
 Thiamin (mg kg−1) 5.2 
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2.1.1 Structure 
Two major storage proteins in canola protein isolate are cruciferin (60%) and napin (20%) 
(Prakash and Rao, 1986). Both are the characteristic storage proteins for seeds that determine 
the nutritional and functional properties of the total rapeseed protein (Prakash and Rao, 1986; 
Schwenke, 1990; Hoglund, Rodin, Larsson & Rask, 1992). Cruciferin is a 12S hexameric 
globulin protein (~300 kDa) consisting of 6 subunits (~50 kDa), each comprising two 
polypeptide chains (α-chain, 30 kDa; β-chain 20 kDa) joined by a disulfide bond (Aider & 
Barbana, 2011; Lampart-Szczapa, 2001). In contrast, napin is a low molecular mass (12–14.5 
kDa) 2S albumin comprising two polypeptide chains (4.5 and 10 kDa) (general polypeptide 
structure in Figure 2.2) linked primarily by disulfide bonds (Berot, Compoint, Larre, Malabat 
& Gueguen, 2005; Monsalve & Rodriguez, 1990). Purified cruciferin has one main 
endothermic peak at 91 °C while napin’s major peak is at 110 °C, as shown in Table 2.2 (Wu 
& Muir, 2008).  
 
 
Figure 2.2 : Schematic of the generic polypeptide backbone. Reproduced from Devi, Sarmah, 
Khatun & Maji (2017).   
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Table 2.2 : Thermal transition characteristics of canola protein isolate and its 2 major 
constituent proteins, cruciferin and napin, reproduced from Wu & Muir (2008). 
Samples Onset temperature, 
Tm (°C) 
Denaturation temperature, 
Td (°C) 
Enthalpy of 
denaturation, 'H (J/g) 
CPI 77.9 83.9 1.5 
Cruciferin 82.2 90.7 12.5 
Napin 96.8 109.9 15.9 
 
2.1.2 Nutritional composition 
Canola meal contains a balanced amino acid combination (Pastuszewska, Ochtabinska & 
Morawski, 2000) including lysine, histidine, methionine, cysteine, threonine, arginine and 
glutamine, which are the main protein building blocks that determine protein properties. Tzeng 
and co-authors (1988a, 1988b) and Sosulki, Humbert, Bui & Jones (1976) reported that canola 
protein from NaOH extractions have a minimum 2.99% of methionine and cysteine (sulfur-
containing amino acids). Wang and other researchers (Wang, Tang, Yang & Gao, 2008) 
concluded that this amount is above the FAO/WHO/UNU (1985) nutritional requirements for 
children and adults. It is also closer to meeting the requirements for infants in comparison to 
other good amino acid sources such as soy protein isolate (SPI) or casein (Wang et al., 2008). 
Ohlson and Anjou (1979) found that the content of sulfur-containing amino acids in rapeseed 
protein was higher than in any other vegetable protein. CPI also contains a substantial amount 
of threonine and histidine, which are higher than the corresponding levels in both SPI and 
casein, which exceed the requirements set by FAO/WHO/UNU (1985) for all groups, including 
infants. Sarwar and co-authors (Sarwar et al., 1984) showed that CPI is an excellent source of 
arginine, glutamine, and histidine.  
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2.1.3 Properties 
2.1.3.1 Molecular mass and isoelectric point 
CPI is a complex protein with a wide range of molecular masses (13,000 to 320,000 Dalton) 
and isoelectric points (pH 4 to 11) (Lonnerdal, Gillberg & Tonell, 1977). Lonnerdal and co-
authors (1977) found that an isolate derived from alkaline extraction of defatted canola meal 
followed by acid neutralization contained all of the high molecular mass proteins from the meal 
and was rich in acidic proteins, which have isoelectric points between pH 4 and 7 (Ohlson & 
Sepp, 1975). Lonnerdal and Janson (1972) found that approximately 20–40% of canola 
proteins have low molecular mass (about 13,000 Da) and an isoelectric point close to pH 11. 
Other canola proteins have molecular masses of about 50,000–75,000, 150,000 and 320,000 
Da and isoelectric points between pH 4 to 8 (Gillberg & Tornell, 1976). Protein isolates from 
most other oilseeds only contain a few proteins. In aqueous solution, the protein molecules 
(charged groups) are attracted to the aqueous phase while nonpolar (hydrophobic) groups will 
be drawn to the centre of the molecule. However, due to the proportion of hydrophobic to 
hydrophilic residues, as well as constraints imposed by the amino acid sequence, it is not 
possible for all hydrophobic groups to be buried in the interior of the molecule. Hydrophobic 
residues forced to remain on the surface contribute to the hydrophobicity of the molecule. As 
hydrophobic interactions also serve to bring together groups that can participate in hydrogen 
or ionic bonding in the absence of water, each type of bond aids in formation of the other 
groups in determining protein conformation. According to Dickinson and Stainsby (1982), 
charged colloidal particles such as protein molecules in an ionic environment are surrounded 
by an electrical double layer of ions; an inner region of strongly adsorbing counterions and an 
outer region where the ions are diffusely distributed according to a balance between electrical 
forces and random therma1 motion.  
The electrical potential at the surface of shear between the inner “Stern” layer and the diffuse 
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outer layer is called the zeta potential. The DLVO (Derjaguin–Landau–Verwey–Overbeek) 
theory of colloidal stability explains colloidal suspension stability as a balance between 
electrostatic repulsive forces (from electrical forces of identical sign) and van der Waals 
attractive forces. When the double layer is thick and repulsive forces exceed attractive forces, 
flocculation will be resisted and the suspension will be stable. 
 
2.1.3.2 Surface characteristics 
Protein functionality can be evaluated by surface hydrophobicity. Uruakpa and Arntfield 
(2006a) reported that surface hydrophobicity of CPI was influenced by the presence of a 
hydrocolloid (guar gum, κ-carrageenan) that normally increased CPI hydrophobicity. This 
could be due to the exposure of previously buried hydrophobic amino acid residues resulting 
from CPI and hydrocolloid interaction, which promotes protein unfolding (Dickinson, 2003). 
Karaca, Low and Nickerson (2011) found that there is a significant correlation between oilseed 
protein source and isolate production method, which indicates the dependency of the effect of 
oilseed protein source on the isolate production method. In general, protein isolates produced 
using isoelectric precipitation have much higher surface charges. 
 
2.1.3.3 Food functional properties 
Protein functional properties can be divided into 3 main groups, such as those associated with 
structure and rheology (e.g. viscosity, elastic modulus and gelation), those associated with 
hydration mechanisms (e.g. solubility), and those associated with protein surface (e.g. 
emulsification) (Damodaran, 1997). These properties will affect the functionality of canola 
protein isolate as a coacervate and encapsulant. Parameters including type of oilseed, oil 
extraction process and pH will affect the solubility of protein, wherein the overall protein 
solubility will generally be reduced by oil extraction process (Pedroche et al., 2004).  
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According to Kinsella (1982), proteins are an important group of emulsifying agents used in 
food. Proteins have the capability to reduce oil–water interfacial tension and thus facilitate the 
formation of emulsions as well as stabilize oil droplets against coalescence. During the 
emulsification process, proteins with satisfactory emulsifying properties are able to adsorb 
rapidly at the newly created oil–water interfaces, followed by structural change and 
rearrangement at the oil–water interface, and subsequently the formation of a cohesive film 
with viscoelastic properties due to intermolecular interactions (Damodaran, 1989). Kinsella 
and collaborators (Kinsella, Damodaran & German, 1985) reported that the overall structural 
flexibility and interfacial properties could also be degraded due to the presence of higher 
proportions of disulfide bonds (higher levels of high-molecular-mass polypeptides). Uruakpa 
and Arntfield (2005) found that the emulsifying properties of CPI were greatly improved by 
the addition of κ-carrageenan or guar gum. Different ideal pH values were required for 
interaction between CPI and different types of polysaccharides, with pH 6 being the optimum 
pH for CPI–κ-carrageenan emulsion and pH 10 being the optimum pH for CPI–guar gum 
emulsion.  
The gelling properties of canola proteins have been studied mostly in terms of the least gelling 
concentration (LGC) (Gill & Tung, 1978; Khattab & Arntfield, 2009). Different methods to 
determine LGC have been reported, such as the study of rheological properties (Pinterits & 
Arntfield, 2007) or gel microstructure (Pinterits & Arntfield, 2008). Rapeseed flours, 
concentrates, and isolates were reported to possess poor gelation properties (Sosulski, Humbert, 
Bui & Jones, 1976). Properties of gels produced from canola proteins can be improved by the 
addition of polysaccharides. The inclusion of low levels of polysaccharides has been shown to 
improve gel properties in comparison to canola protein alone (Cai & Arntfield, 1997). The 
compatibility between CPI and κ-carrageenan was able to produce sufficient covalent linkages 
to form a gel when neither non-covalent interactions nor disulfide bonding were available 
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(Uruakpa & Arntfield, 2006b). Molecular size also contributes to gelling properties of proteins, 
as proteins with large molecular size were found to form more extensive networks by cross-
linking in 3 dimensions, thus providing better gelling properties (Oakenfull, Pearce & Burley, 
1997). Modification of protein structure, for example, by transglutaminase (TG) treatment, 
results in cross-linking between polypeptides, thus leading to the formation of high-molecular-
mass polymers. Canola proteins treated by TG are viable gelling agents (Pinterits and Arntfield, 
2008). 
 
2.1.3.4 Thermal properties 
Protein can be denatured by heat as a result of the disruption of bonds that are involved in the 
formation and maintenance of the protein structure (Stanley & Yada, 1994). The temperature 
required and the extent of these changes were determined by the thermal stability of the protein, 
which can be studied from the endothermic peaks of their differential scanning calorimetry 
(DSC) profiles. The thermal stability of CPI, according to Wu and Muir (2008), was affected 
by a large number of factors, including protein structure, amino acid composition, binding of 
metals and other prosthetic groups, intramolecular interactions, protein–protein contacts, 
linkages, and environmental factors. CPI shows two overlapping endothermic peak 
denaturation temperatures (Td) at 84 °C and 102 °C (Wu & Muir, 2008). These two parallel 
transition peaks were contributed by its two major component proteins, cruciferin, and napin. 
Purified cruciferin and napin were shown to have higher Td (91 and 110 °C, respectively) in 
comparison to that of the whole CPI. This could be due to the presence of nonprotein and other 
protein components in CPI that affect the thermal stability of proteins (Marcone, Kakuda & 
Yada, 1998). As shown by Arntfield and Murray (1981), both the Td and enthalpy of 
denaturation (ΔH) values were very similar to the proteins from other leguminous plant sources, 
such as soybean and faba bean. 
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2.1.4 Preparation of canola protein isolate 
Alkaline extraction with sodium hydroxide (NaOH) solution followed by precipitation with 
dilute acid is the most common procedure used in preparation of canola protein isolate (CPI) 
(Klockeman, Toledo & Sims, 1997; Aluko & McIntosh, 2001). The reported extraction 
procedures, however, had slight differences in pH of extraction, concentrations of NaOH used, 
centrifugation and filtration settings, type of acid, and pH for protein precipitation. Generally, 
the alkaline solution was first added to the defatted canola meal and stirred or shaken for a 
given period of time to solubilize the proteins. The mixture was then centrifuged, and the pH 
of the supernatant was adjusted by dilute acid to precipitate the proteins. Precipitated protein 
was then separated by centrifugation and the precipitate was freeze-dried. NaOH extraction 
produces CPI that contains amino acids including lysine (Tzeng, Diosady & Rubin, 1988a). 
The use of alkali produces the aggressive conditions (pH 11 to 12) that were necessary to obtain 
high nitrogen extraction yield and a high protein extraction rate from canola meal, as shown 
by Sosulski (1983) and Mieth and co-authors (Mieth, Bruckner, Kroll & Pohl, 1983). 
 
2.2 Chitosan 
As for the polysaccharide, chitosan is a linear natural polysaccharide composed of several units 
of D-glucosamine and N-acetyl-D-glucosamine linked by (1→4)-β-glycosidic bonds (Dash, 
Chiellini, Ottenbrite & Chiellini, 2011). Its unique properties include the ability to form films 
and chelate metal ions, and its optical structural characteristics (Hench, 1998). Chitosan is of 
commercial interest due to its high nitrogen content (6.89%) compared to synthetically 
substituted cellulose (1.25%). As most of the present-day polymers are synthetic materials, 
their biocompatibilities and biodegradabilities are much more limited than those of natural 
polymers such as cellulose. Chitosan is recommended as a functional material, because these 
natural polymers have excellent properties such as biocompatibility, biodegradability, non-
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toxicity, adsorption properties, bioabsorbing ability (Muzzarelli, Mattiolo-Belmonte, 
Pugnaloni & Biogini, 1999), gel-forming ability and more. Chitosan also has antacid and 
antiulcer properties (Moor, Doh & Siegel, 1991), which prevent or weaken drug irritation in 
the stomach (Hou, Miyazaki, Takada & Komai, 1985; Miyazaki, Ishii & Nadai, 1981). Besides 
that, chitosan matrix formulations appear to float and gradually swell in an acid medium. All 
these interesting properties of chitosan make this natural polymer suitable for applications 
related to controlled drug/food release formulations, as well as being incorporated into food 
structures. 
 
 
 
 
 
 
 
Figure 2.3 : Deacetylation of chitin to chitosan. Reproduced from Devi, Sarmah, Khatun & 
Maji (2017).  
 
Chitosan can be found in the mycelium of fungi in combination with other polysaccharides, 
but it is most often obtained by deacetylation of chitin (Figure 2.3) in the solid state under 
alkaline conditions or by enzymatic hydrolysis in the presence of chitin deacetylase (Dash, 
Chiellini, Ottenbrite & Chiellini, 2011). Since chitosan can be considered to be a strong base 
because it has primary amino groups with a pKa value of 6.3, it is readily soluble in dilute acid 
solutions of pH less than 6. The presence of amino groups indicates that the pH significantly 
changes the state of charge and the properties of chitosan. At a pH below its pKa, chitosan is a 
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polycation whereas at pH ≤ 4, it is completely protonated (Jayakumar, Menon, Manzoor, Nair 
& Tamura, 2010). After protonation of the amine functions, the electrostatic repulsion between 
the NH3+ groups leads to the destruction of inter-chain attractive interactions such as hydrogen 
bonds and hydrophobic interactions and consequently the solubility of the chitosan. On the 
other hand, as the amine groups become deprotonated, chitosan loses its electric charge and 
becomes insoluble when the pH increases above 6. Thus, the state transition between soluble 
and insoluble chitosan occurs at a pH between 6 and 6.5. The value of pKa is strongly dependent 
on the degree of N-acetylation; chitosan solubility depends also on the degree and method of 
deacetylation used (Pillai, Paul & Sharma, 2009). It is necessary to dissolve chitosan in an 
appropriate (organic) solvent system to help the dissolution of chitin.  
Chitosan is the only known pseudonatural cationic polymer, and thus it finds many unique 
applications. Chitosan is known to have good complexing ability. Chitosan, as a polyelectrolyte, 
is able to form electrostatic complexes under acidic conditions. Two different types of 
complexes are considered : electrostatic complexes with an oppositely charged surfactant and 
polyelectrolyte complexes. Mucoadhesivity of chitosan and cationic derivatives is recognized 
and has been proved to enhance the adsorption of drugs, especially at neutral pH (Rinaudo, 
2006). 
 
2.3 Complex coacervation 
In recent years complex coacervation of proteins and polysaccharides has drawn a lot of 
interest, in both practical and theoretical aspects. Many reports in the literature have suggested 
that phase separation is primarily entropically driven, and may most probably be attributed to 
the delocalisation of the counterions of the protein and the polysaccharide (de Kruif, Weinbreck 
& de Vries, 2004). Complex coacervation was first reported by Tiebackx (1911), while the 
phenomenon and theoretical model were first systematically investigated and developed by 
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Bungenberg de Jong (1949) and Overbeek and Voorn (1957), respectively. Subsequent 
theoretical models were developed by Veis and co-authors (Veis & Aranyi, 1960, Veis, 1961 
and Veis, Bodor & Mussell, 1967), by Nakajima and Sato (1972), and by Tainaka (1979). 
 
2.3.1 Principles of complex coacervation 
Coacervation involves the colloidal system separating into two liquid phases, whereby a 
coacervate phase (the more concentrated phase) and an equilibrium solution are formed 
(Eghbal & Choudhary, 2018; de Kruif et al., 2004). Complex coacervation is coacervation that 
is driven by electrostatic attractions between two oppositely charged colloids (de Kruif et al., 
2004; Sing, 2017), which results in the formation of two phases, biopolymer-rich and solvent-
rich (Boral & Bohidar, 2010; Schmitt & Turgeon, 2011; Schmitt et al., 1998; Tolstoguzov, 
1991). The biopolymer-rich phase consists of soluble and insoluble complexes that re-orient 
into either a coacervate or precipitate-type morphology depending on the strength of the 
polyelectrolytes present. Coacervates are composed of complexed biopolymers, typically 
involving one strongly charged polyelectrolyte (e.g. protein) and one weakly charged (e.g. gum 
arabic), which entraps small amounts of solvent so that the complex phase remain quite mobile 
(Klassen et al., 2011). 
Mixtures of proteins and polysaccharides that are normally used in the food industry are 
unstable and phase separation can be achieved in two distinct ways (Zhang, Karlstrom & 
Lindman, 1994). They generally exhibit either segregative or associative phase behaviour due 
to the electrostatic forces arising between the two (Schmitt et al., 1998; Tolstoguzov, 2002; Ye, 
2008). If the interactions between the biopolymers are repulsive in nature, the system forms 
two new phases (ternary systems) and each of them are enriched with one biopolymer 
(Tolstoguzov, 1991, 1986; Piculell, Bergfeldt & Nilsson, 1992). Alternatively, protein–
polysaccharide complexes will form when proteins and polysaccharides show a nett attraction 
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through electrostatic interactions resulting in complex coacervation or associative phase 
separation (Bungenberg de Jong, 1949; Piculell et al., 1992), as shown in Figure 2.4. Their 
interactions will determine their structure and properties in food (Tolstoguzov, 1997).  
The coacervation phenomenon also results from weak attractive and nonspecific interactions 
(van der Waals, and hydrophobic interactions, hydrogen bonding) between biopolymers, 
giving rise to the formation of soluble or insoluble complexes (Imeson, Ledward & Mitchell, 
1977; Imeson, Watson, Mitchell & Ledward, 1978). 
According to the Second Principle of Thermodynamics, mixing one or more biopolymers with 
a solvent is possible, if the resulting free energy of mixing is negative. The stability of such 
systems is governed by three thermodynamic effects, namely, the combinatorial entropy of 
mixing, the intermolecular interactions arising from the different forces surrounding the 
macromolecules, and the free volume effect (Patterson, 1982). 
 
 
Figure 2.4 : Formation of insoluble complexes that over time separate into a two-phase system 
(complex coacervation) (adapted from Tolstoguzov, 1997).  
 
 
   2-14 
If polyanions and polycations form complexes and eventually phase-separate into a dilute (in 
polyions) phase and a concentrated phase, each separate phase must be neutral but in addition 
it appears that the complexes are near neutrality as well, as observed from electrophoretic 
mobility measurements (Burgess & Carless, 1984; Schmitt, Sanchez, Thomas & Hardy, 1999).  
According to Tolstoguzov (1997), the macromolecular interactions responsible for complex 
formation may be divided into three types: interactions between the charged macromolecules, 
interactions between oppositely charged (acidic and basic) side groups, and interactions 
between other available polyion side groups.  
These interactions can be classified as weak or strong, specific or not, attractive or repulsive 
(Dickinson, 1993).  The repulsive interactions are always non-specific and of very transient 
duration. They arise from excluded volume effects and/or electrostatic interactions and tend to 
be weak, except at very close range or very low ionic strength. Repulsive interactions can be 
found in mixtures of proteins with non-ionic polysaccharides or with anionic polysaccharides 
and proteins mixed at pH above the isoelectric point (pI, when mobility ceases, no nett charge, 
zeta potential = 0 mV) of the protein (Dickinson, 1993).  
Attractive biopolymer interactions may be weak or strong and either specific or nonspecific. 
For instance, covalent linkage between proteins and polysaccharides is an attractive interaction 
that is specific and strong (Stainsby, 1980). The non-specific nett attractive protein–
polysaccharide interactions arise as a result of a multitude of weaker interactions between 
groups on the biopolymers, such as ionic, van der Waals, and hydrophobic interactions, and 
hydrogen bonding. Strong attractive interactions may occur between positively charged 
proteins (pH < pI) and cationic polysaccharides at low ionic strength. Weaker attractions arise 
between uncharged or negatively charged proteins (pH > pI) and anionic polysaccharides. 
However, in some cases complex formation is still possible because of the presence of 
positively charged regions on the proteins, usually called “patches” (Xia & Dubin, 1994). 
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Among all of the forces encountered, electrostatic interactions are the most common forces 
involved in complex formation. 
Theories have been developed to better understand the fundamental basis of the phase 
separation mechanisms and to predict the stability of biopolymer systems using the 
biomacromolecular systems of proteins and polysaccharides. The main fundamental theories 
that have been developed are the Voorn–Overbeek theory (Overbeek & Voorn, 1957), Veis–
Aranyi theory  (Veis & Aranyi, 1960), Nakajima–Sato theory (Nakajima & Sato, 1972), and 
Tainaka theory (Tainaka, 1979; Tainaka, 1980). There have been subsequent development of 
theories for complex coacervation, such as the random phase approximation, the complexation 
approach, the field theory approach, and the simulation approach, which have been critically 
reviewed by Sing (2017). 
 
2.3.2 Factors affecting complex coacervation 
Complex coacervation is affected by various factors (as represented in Figure 2.5), with the 
most important factors being charge density, protein-to-polysaccharide ratio, total biopolymer 
concentration (de Kruif et al., 2004), pH, mixing (shearing rate) and temperature (Moschakis 
& Biliaderis, 2017). 
 
 
Figure 2.5: Main factors affecting the complex coacervation process. This is adapted from 
Schmitt and Turgeon (2011) and Moschakis and Biliaderis (2017). 
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2.3.2.1 Charge density and pH 
Biopolymer molecular charge is the most important and significant factor influencing complex 
coacervation (Xia & Dubin, 1994). As such, the fact that pH directly influence biopolymer 
molecular charge means that pH itself plays an important role in determining biopolymer 
interactions (de Kruif et al., 2004).  
Typically, protein–polysaccharide systems can be represented as a bell-shaped turbidity curve 
with respect to pH, as illustrated in the Figure 2.6, below. Turbidity measures the amount of 
insoluble complex coacervate. pHc, pHI and pHopt are the  critical pH values in the process of 
complex coacervation between protein and polysaccharide, from the formation of soluble 
complex (pHc, ionic-strength-dependent) to the formation of insoluble complex coacervate 
(pHI, involves neutralisation of charges) and the optimum pH (pHopt, when neutral charge and 
maximum coacervation is reached) to pHI2 (minimum electrostatic interaction resulting in 
disentangled biopolymers) (Warnakulasuriya & Nickerson, 2018) as shown in Figure 2.6.   
 
 
Figure 2.6: Diagram indicating the different complex coacervation phases with respect to pH. 
This is reproduced from Moschakis and Biliaderis (2017). 
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According to Burgess and co-workers (Burgess & Carless, 1985), the maximum coacervation 
yield is obtained when an equal ratio mixture of macromolecules by mass is reached at a pH 
value where they carry equal and opposite charges. This pH is known as the electrical 
equivalence pH (EEP). It is confirmed by Mattison and co-authors (Mattison, Brittain & Dubin, 
1995) that the charge density of macromolecules, a property heavily dependent on pH and ionic 
strength, plays a crucial role in complex coacervation. This is because only biopolymers of 
equal and opposite charges are required to form complex coacervates via electrostatic 
interactions, where low charge density will suppress complex coacervation while precipitation 
or gelation will occur at high charge densities (Mattison et al., 1995).  
In Stone and co-workers’ research work involving the CPI–carrageenan system (Stone, Cheung, 
Chang & Nickerson, 2013), the greatest amount of insoluble aggregates was found to be 
generated at pH 5.60 due to the strongest CPI–CPI aggregation near CPI’s pI at 5.78, as a result 
of significantly reduced electrostatic repulsion between neighbouring molecules — with the 
turbidity profile following a bell-shaped curve. The CPI–CPI aggregation was suppressed with 
the addition of carrageenan, which might be due to the strong electrostatic forces. The pI values 
of cruciferin and napin are 7.2 and about 11.0, respectively, which are higher than the pI of 
CPI. 
In a study involving complex coacervation between CPI and alginate as well as CPI and  
carrageenan by Klassen and co-authors (2011), complexation was found to start occurring 
above the pI of CPI, with electrostatic attractive forces as the primary driving force and 
hydrogen bonding as secondary stabilisation. The influence of pH was clearly demonstrated by 
a number of researchers (Schmitt, Sanchez, Thomas & Hardy, 1999; Liu, Low & Nickerson, 
2009) on different protein–polysaccharide systems. Researchers have shown that there was an 
increase in the formation of complex coacervates with increasing pH in the E-lactoglobulin–
acacia gum (Schmitt et al., 1999), pea protein isolate–gum arabic (Liu et al., 2009), and wheat 
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protein–D-gliadin (Ducel, Richard, Saulnier, Popineau & Boury, 2004) systems due to 
increasing positive protein nett charge.  
Charge density also has an effect on electrostatic complex formation, which researchers (Girard 
& Schaffer-Lequart, 2008; Girard, Turgeon & Gauthier, 2002) have confirmed through their 
findings that higher charge density leads to the formation of complexes at higher critical values 
of pH (pHc). 
 
2.3.2.2 Mixing ratio 
The biopolymer mixing ratio will also influence complex coacervation, as electrostatic 
interactions are dependent on the amount of charge available for interaction (Veis et al.,1967) 
as well as the charge balances (i.e. condition of electrical equivalence) within the mixture. 
There is a specific mixing ratio for every biopolymer to achieve the highest coacervate yield 
(Warnakulasuriya & Nickerson, 2018). As in the case of simple coacervation, high 
macromolecular concentrations suppress complex coacervation (Veis et al., 1967).  
Dependency of pHc on mixing ratio was reported in the canola protein isolate CPI–κ-
carrageenan and CPI-alginate systems (Klassen et al., 2011; Liu et al., 2009). In these systems, 
protein molecule aggregation will progress until a specific aggregate size is reached at steady 
state. However, a study on the CPI–carrageenan complex coacervate system by Stone and co-
workers (2013) lacked a ratio-dependent trend at a CPI–carrageenan and CPI–alginate ratio of 
above 20:1.  
Biopolymer mixing ratio dependency during complexation has been reported in other 
coacervate systems such as the CPI–pectin system (Stone, Teymurova, Chang, Cheung & 
Nickerson, 2015), pea protein isolate–gum arabic mixture (Liu et al., 2009), pea protein isolate-
high methoxyl pectin mixtures (Lan, Chen & Rao, 2018) and egg white protein–xanthan gum 
mixtures (Souza & Garcia-Rojas, 2017). The authors observed the progressive growth of 
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protein–protein aggregates with increasing biopolymer ratio until a plateau was reached. In 
most cases small protein aggregates were probably formed first, followed by complexation of 
polysaccharide chains on the aggregates’ surfaces (Stone et al., 2015; Liu et al., 2009).  
The dependence of pHI (pH at which the formation of insoluble material commences) on 
mixing ratio was previously reported by Liu et al. (2009) and by Weinbreck and collaborators 
(Weinbreck, Nieuwenhuijse, Robijn & de Kruif, 2003b, Weinbreck, Nieuwenhuijse, Robijn & 
de Kruif, 2004a), where values shifted with increasing biopolymer ratio up to a critical level, 
followed by a stationary plateau. The authors attributed this behaviour to the greater amount of 
protein. Typically, proteins take on a positive nett charge as solvent pH is lowered below their 
pI, after which they interact more strongly with the anionic polysaccharides. However, with 
highly charged polysaccharides complexation can occur at a pH > pI, attributed to strongly 
electrostatic attraction to hydrophilic patches on the protein’s surface (de Vries, Weinbreck & 
de Kruif, 2003; Dickinson, 1998; Weinbreck et al., 2004a). This phenomenon has previously 
been reported for a whey protein–carrageenan mixture (Weinbreck et al., 2004a).  
The optimum coacervation was found to occur at protein–polysaccharide ratios of 2:1, 15:1, 
10:1 and 35:1, respectively for CPI–gum arabic (Stone, Teymurova & Nickerson, 2014), CPI–
alginate (Klassen et al., 2011), CPI–pectin (Stone, Teymurova, Chang & Cheung, 2015) and 
CPI–carrageenan (Stone, Cheung, Chang & Nickerson, 2013) systems. 
Besides mixing ratio, the molecular mass of each macromolecule is also important. High-
molecular-mass molecules form gels and precipitates, whereas low-molecular-mass molecules 
interact by ion pairing rather than coacervation  (Nakajima & Sato, 1972).  
 
2.3.2.3 Temperature 
Flory (1953) found that coacervation is enhanced at low temperature because of an increase of 
biopolymer(s) and/or biopolymer interactions, contrary to the observation by De Jong, Hoskam 
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and Brandhof-Schaegen (1941), who indicated that the optimum mixing ratio was not affected 
by an increase in coacervation temperature, as well as the work of Kaibara, Okazaki, Bohidar 
and Dubin (2000), who found that coacervation was not dependent on temperature, due to 
minimal involvement of hydrophobic interactions. Temperature-independent coacervation was 
also observed by other researchers (Klassen et al., 2011) in CPI–alginate and CPI–L-
carrageenan systems. 
Schmitt and co-authors (Schmitt, Sanchez, Desobry-Banon & Hardy, 1998) explained that the 
Flory–Huggins interaction parameters will be intensified at lower temperature, as biopolymer 
interactions such as hydrogen bonding are promoted. Coulombic forces (primary), 
hydrophobic interactions and hydrogen bonds are involved in the coacervation process, which 
are strongly influenced by temperature. 
A random coil configuration of the two macromolecules is favorable for the coacervate 
formation, increasing the interactions between the biopolymers.  
 
2.3.3 Complex coacervation with canola protein isolate 
Studies involving complex coacervation between canola protein isolate and polysaccharide are 
limited. Klassen and other researchers (2011) studied the coacervation between canola protein 
isolate and sulfated and carboxylated polysaccharide (alginate and L-carrageenan) while Stone 
and co-workers (2013) investigated the canola protein isolate CPI–carrageenan coacervate. In 
both cases, complexes formed primarily through electrostatic forces, with secondary 
stabilisation by hydrogen bonding. The effects of pH and mixing ratio were investigated by 
determining the optical density at different conditions. A bell-shaped turbidity profile was 
observed. For CPI–carrageenan coacervates the CPI aggregation was significantly suppressed 
relative to the homogeneous CPI solution in the presence of anionic polysaccharides. The 
suppression of CPI–CPI aggregation, due to electrostatic repulsive forces exerted by the 
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anionic polysaccharides, was evident from a significant decrease in peak intensity relative to 
the corresponding homogeneous CPI solutions.  
Other CPI–polysaccharide complex coacervation systems in which the effects of pH and 
mixing ratios were studied include CPI–gum arabic (Stone et al., 2014) and CPI–pectin (Stone 
et al., 2015). 
 
2.3.4 Complex coacervation with chitosan 
Studies on complex coacervation with chitosan have been very popular and attracted attention 
due to chitosan’s favorable properties of low toxicity, biocompatibility and many health 
benefits (Hirano, Seino, Akiyama & Nonaka, 1990). Lopez & Bodmeier (1996) investigated 
the effect of formulation and process variables on the formation of chitosan–gelatin coacervates. 
In their investigation, the complex formation was found to be rapid and only observed at very 
diluted chitosan concentrations over a narrow pH range. The optimum chitosan–gelatin ratio 
was found to be 1:10 to 1:20, above or below which the coacervate yield decreased significantly. 
The coacervate yield decreased at higher temperatures and increased ionic strength.  
Complex coacervation of soybean protein isolate (SPI) and chitosan was studied by Huang and 
co-authors (Huang et al., 2012). Their studies found that maximal SPI–chitosan coacervation 
took place at pH 6 to 6.5. Other studies on complex coacervation with chitosan include gum 
arabic–chitosan coacervate (Espinosa-Andrews, Baez-Gonzalez, Cruz-Sosa & Vernon-Carter, 
2007), lactalbumin–chitosan coacervate (Lee & Hong, 2009), and bovine serum albumin with 
poly(diallyldimethylammonium chloride) and chitosan (Kayitmazer, Strand, Tribet, Jaeger & 
Dubin, 2007). Most studies have found coacervation with chitosan to be driven by electrostatic 
interactions, and coacervation was dependent on pH and biopolymer ratios. 
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2.4 Rheology of complex coacervates 
2.4.1 Types of instrument used for rheological measurement of complex coacervates 
The rheology of complex coacervates was generally determined using rheometer (Eleya & 
Turgeon, 2000; Espinosa-Andrews, Sandoval-Castilla, Vazquez-Torres, Vernon-Carter & 
Locato-Callero, 2010; Ru, Wang, Lee, Ding, & Huang, 2012). Different types of rheometer 
including the Advanced Rheometric Expansion System (ARES) were utilised by different 
researchers (Eleya & Turgeon, 2000; Ru et al, 2012). Different geometries were used including 
parallel plate geometries (25 or 50 mm in diameter) (Eleya & Turgeon, 2000). 
 
2.4.2 Factors affecting the rheology of complex coacervates 
The main factors which affect the rheological properties of complex coacervates include 
biopolymer concentrations, complex coacervate mixing ratio, and pH — as electrostatic 
interaction is the main stabilisation interaction between proteins and polysaccharides (Schmitt 
& Turgeon, 2011). It has been reported that viscosity is at its maximum under neutral charge 
conditions (Schmitt et al., 2001; Espinosa-Andrews et al., 2010; Weinbreck, Wientjes, 
Nieuwenhuijse, Robijn & de Kruif, 2004). Protein–polysaccharide complex coacervates 
generally exhibit shear-thinning behaviour (Schmitt & Turgeon, 2011). 
Many researchers (Uruakpa & Arntfield, 2004; Stone et al., 2015) have reported that the 
rheological properties of complex coacervates were strongly dependent upon pH and 
biopolymer mixing ratios. In the study involving the CPI–κ-carrageenan (k-CAR) system 
(Uruakpa & Arntfield, 2004), the complex coacervates demonstrated high elastic modulus (Gʹ) 
at pH 6.0, 15% CPI and 3% k-CAR, indicating a strong intermolecular network and high 
intermolecular interactions under that condition, as compared to other conditions. In another 
complex coacervate system involving CPI and pectin (Stone et al., 2015), the optimal 
coacervation conditions for CPI–low methoxyl pectin and CPI–high methoxyl pectin occurred 
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at pH values of 4.8 and 5.3, respectively, and a mixing ratio of 10:1.  
 
2.4.3 Rheology of canola protein isolate 
Gill and Tung (1978) were the first researchers to study the gelling ability of canola protein, 
where it was found that gelation might involve the interactions of covalent, ionic, disulfide, 
hydrophobic and hydrogen bonding. It was also observed that pH has an effect on gel strength, 
with the highest gel strength occurring at high pH (Gill & Tung, 1978). This was supported by 
Paulson and Tung (1989), who had reported that CPI had low apparent viscosity at low pH, 
and it increased from pH 8 to 11. The increase in apparent viscosity with increasing pH might 
be due to increase in protein solubility and aggregate swelling at this pH. Molecular size was 
also found to contribute to protein gelling properties, as with larger molecular sizes extensive 
networks formed by three-dimensional crosslinking, resulting in improved gelling properties 
(Oakenfull et al., 1997).  
CPI was reported to have poor gelation properties (Sosulski et al., 1976). CPI gel properties 
can be improved by modifying the protein structure by the addition of crosslinkers such as 
transglutaminase (TG) by polypeptide crosslinking, resulting in polymer of higher molecular 
mass, which Pinterits & Arntfield (2008) have reported can make CPI a viable gelling agent. 
The gel properties of canola protein can also be improved by the addition of polysaccharides 
(Cai & Arntfield, 1997). This was demonstrated by Uruakpa and Arntfield (2006b) using the 
CPI and κ-carrageenan system, where sufficient covalent linkages were produced in order for 
gel to form without the availability of non-covalent or disulfide bonding. 
A number of researchers (Frisch & Simha, 1956; Lee and Rha, 1979) found that protein 
hydrodynamic volume and shape are also important factors affecting protein dispersion flow 
behaviour. It has been suggested that the size and shape of protein aggregates are largely 
determined by hydrophobic effects. Hence, factors such as protein solubility and 
   2-24 
hydrophobicity, the size, shape and number of aggregates, hydrodynamic volume, protein–
solvent interactions, and protein–protein interactions would all contribute to the rheology of 
protein dispersions under steady shear (Lee & Rha, 1979). 
Gelation is a protein aggregation phenomenon where attractive and repulsive forces between 
protein molecules and solvent are so balanced that a well-ordered three-dimensional network 
or matrix is formed that is capable of trapping or immobilizing large amounts of solvent. 
Ionizable amino acids play an important role in determining electrostatic interactions between 
protein molecules, and therefore factors such as pH and temperature influence the balance 
between attractive and repulsive forces in the system (Wall, 1979). During denaturation, 
hydrophobic and hydrogen bonds buried in the interior of the molecule become exposed and 
re-form in a manner different from the native structure (Buttkus, 1974). Thus, regions of the 
molecule originally involved in stabilizing native structure become available for intermolecular 
interactions. A three-dimensional network can then form, provided that there are at least two 
attractive sites per molecule (Clark, Judge, Richards, Stubbs, Suggett, 1981). Therefore, it 
appears as if optimal gelation conditions occur when attractive forces released by protein 
denaturation are just strong enough to counteract electrostatic repulsion, and an ordered limited 
aggregation can take place resulting in a gel network. Gel characteristics would be determined 
by the number of bonding sites available on each protein molecule, their spacial distribution, 
and relative bonding strengths under the prevailing conditions of pH and ionic strength.  
The bonds involved in gel formation and stability were tentatively identified as hydrophobic 
interactions and hydrogen bonds. It seems likely that hydrophobic groups largely contributed 
to gel formation since the gels formed during heating. In this temperature range, hydrophobic 
interactions increase with temperature (Ben-Naim, 1980). Schmidt (1981) suggested that 
hydrophobic interactions are important to dissociative–associative reactions that initiate the 
gelation process and contribute to layering or thickening of the gel matrix strands upon cooling. 
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Shimada and Matsushita (1980) found a relationship between the proportion of hydrophobic 
groups in the amino acid profile of proteins and the type of gel formed upon heating. 
Hydrophobic and acidic residues dominate the amino acid profile of rapeseed proteins, whereas 
basic amino acids are in relatively low concentration (Sosulski & Sarwar, 1973). Joesten and 
Schaad (1974) found that the gels increased in firmness upon cooling, thus implicating the 
involvement of hydrogen bonds that are weakened by increasing temperature. Oakenfull and 
Scott (1984) reported that a combination of hydrogen bonds and hydrophobic interactions 
stabilized gels formed from high methoxyl pectins. Schmidt (1981) suggested that hydrogen 
bonds stabilize gel structure and allow for a more open orientation that is necessary for water 
immobilization.  
 
2.4.4 Rheology of canola protein isolate–polysaccharide complex coacervates 
Protein–polysaccharide coacervates have been widely used in food products as they contain 
structural networks developed during their formation, which give rise to a solid with elastic 
properties (Arntfield & Cai, 1998). The networks provide the food product with structural 
integrity and mechanical/structural properties, in comparison to those of pure gels (Ould Eleya 
& Turgeon, 2000). 
To date, there has been very limited rheological study of canola protein isolate (CPI)–
polysaccharide coacervates. The studies carried out by various researchers in this area are those 
involving CPI–N-carrageenan coacervate (Uruakpa & Arntfield, 2004), CPI–pectin coacervate 
(Stone et al., 2015), and CPI–guar gum coacervate (Uruakpa & Arntfield, 2005). 
The study of the rheological characteristics of the CPI–N-carrageenan (k-CAR) system carried 
out by Uruakpa and Arntfield (2005) reported promising results for CPI–k-CAR to be used in 
food systems. Factorial and response surface optimization models were adopted to identify the 
optimum processing conditions for CPI–k-CAR gels with maximum Gʹ values (44000 Pa) and 
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minimum tan(δ) values (0.01–0.11). It was found that CPI–k-CAR gel formation was strongly 
dependent on pH and k-CAR concentration. Results indicated that the optimum conditions for 
CPI–k-CAR gels were pH 6.0, 3% k-CAR and 15% CPI (high Gʹ of 95,465 Pa) and superior 
elastic network strength at temperatures above 80 °C. High Gʹ values indicate a stronger 
intermolecular network and increased protein–protein and protein–polysaccharide interactions, 
while low tan(δ) values indicate a more elastic network (Uruakpa & Arntfield, 2004). Besides 
the CPI–k-CAR system, the rheology of CPI–pectin was also studied, and the viscosity was 
found to be enhanced as compared to CPI alone (Stone et al., 2015).  
Uruakpa and Arntfield (2005) also evaluated the rheology of CPI–guar gum gels, as well as 
the effects of pH, and protein and carbohydrate concentration on gelling ability. However, 
under the optimum conditions CPI alone formed a stronger gel than CPI–guar-gum mixture at 
its optimum conditions (i.e. pH 10, unconventional in food systems), indicating that guar gum 
interrupted the protein gelation process (Uruakpa & Arntfield, 2004).  
 
2.4.5 Rheology of protein–chitosan complex coacervates 
There have been a number of rheological studies on protein–chitosan coacervate systems 
conducted by various researchers including gum arabic–chitosan (Ch) (Espinosa-Andrews et 
al., 2013), gelatin–Ch (Wang, Qiu, Cosgrove & Denbow, 2009), ovalbumin–Ch (Xiong et al., 
2016), and hsian-tsao gum–Ch (You, Liu & Zhao, 2018). 
Most protein–chitosan coacervates exhibited dependence of their elasticity on the pH and the 
biopolymer mass ratio (Espinosa-Andrews et al., 2013; Xiong et al., 2016; You, Liu & Zhao, 
2018). Xiong et al. (2016) deduced that the elastic behaviour (high elastic modulus, Gʹ, values) 
exhibited by ovalbumin–Ch coacervate was due to the interactions between ovalbumin 
molecules and chitosan chains. The highest Gʹ and Gʺ (stronger intermolecular ovalbumin and 
chitosan networks) were obtained at the optimum ovalbumin to chitosan ratio of 3:1. In another 
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study (You, Liu & Zhao, 2018) involving hsian-tsao gum and chitosan, improved apparent 
viscosity and higher elasticity were observed with increasing hsian-tsao gum concentration. 
Higher gel strength was obtained at higher biopolymer ratios up to the optimum biopolymer 
ratio (Xiong et al., 2016). 
The main interactions involved in the formation of protein–chitosan complex coacervates are 
electrostatic interactions (Espinosa-Andrews et al., 2013; Xiong et al., 2016; You et al., 2018). 
The electrostatic interaction was enhanced with higher protein concentration, whereby 
structures were coarsened resulting in a change in the surface structure of the formed 
coacervate, creating a stronger structure (You et al., 2018). 
 
2.5 Microstructure 
The microstructure of materials such as canola protein isolate, chitosan, and canola protein 
isolate–chitosan coacervate play an important role in determining the rheological properties of 
the coacervate.  
 
2.5.1 Microstructure of canola protein isolate 
Paulson and Tung (1988) reported CPI to exist as spherically shaped aggregates (Figure 2.7 
and 2.8) that seemed to remain essentially intact except at pH 11.0 (Figure 2.9). The aggregates 
appeared to swell as pH increased. When the aggregates were intact and solubility wa low they 
would have been able to slip past one another with little interaction during steady shear, thus 
apparent viscosity was low. 
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Figure 2.7 : Light micrographs of canola protein isolate at pH 3.5 (reproduced from Paulson 
and Tung (1988)). 
 
 
Figure 2.8: Light micrographs of canola protein isolate at pH 9.5 (reproduced from Paulson 
and Tung (1988)). 
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Figure 2.9 : Light micrographs of canola protein isolate at pH 11 (reproduced from Paulson 
and Tung (1988)). 
 
2.5.2 Microstructure of chitosan 
A SEM micrograph of chitosan obtained by Huang et al. (2012) is shown in Figure 2.10. The 
micrograph showed chitosan as a flat and massive matter (Huang et al., 2012). 
 
 
Figure 2.10 : SEM micrograph of chitosan, reproduced from Huang et al. (2012). 
 
2.5.3 Microstructure of complex coacervate with protein isolate 
There has been very limited study into the microstructure of coacervates of canola protein 
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isolate. Huang and co-authors (2012) studied the microstructure of soybean protein isolate–
chitosan coacervate and observed a porous network structure interspersed with 
heterogeneously sized vacuoles (Figure 2.11). 
 
 
Figure 2.11 : Soybean protein isolate–chitosan coacervate (5000×), reproduced from Huang et 
al. (2012). 
 
2.5.4 Microstructure of complex coacervate with chitosan 
There were a number of studies on the microstructure of complex coacervates involving 
chitosan, such as gum arabic–chitosan coacervate (Espinosa-Andrews et al., 2010), D-
lactalbumin–chitosan, E-lactoglobulin–chitosan (Lee & Hong, 2009), and J-poly(glutamic 
acid)–chitosan coacervate (Hsieh, Tsai, Wang, Chang & Hsieh, 2005).  
In the study by Espinosa-Andrews and other researchers (2010), it was revealed from scanning 
electron microscopy that the gum arabic–chitosan system displayed a sponge-like 
microstructure where well-connected small agglomerated and homogeneously distributed 
particles formed the structural matrix, which was interspaced with heterogeneously sized 
vacuoles. When two macromolecules with opposing charges interact associatively they give 
rise to the formation of macromolecular networks (complex coacervation), trapping water 
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molecules within the network, and the water in the coacervate phase contributes to the complex 
structure (Burgess, 1990). A highly crosslinked compact network resulted in a structure 
displaying a relatively lower number of vacuoles, and a gum arabic–Ch coacervate of high 
relative density.  
Lee and Hong (2009) presented SEM images of D-lactalbumin–chitosan (Figure 2.12) and E-
lactoglobulin–chitosan (Figure 2.13). The D-lactalbumin–chitosan coacervate had an uneven 
and associated cluster morphology, whereas the morphology of E-lactoglobulin–chitosan was 
even and globular, while the chitosan evidenced a flat morphology. Hsieh and co-authors (2005) 
observed a porous matrix for the J-poly(glutamic acid)–chitosan coacervate (Figure 2.14).  
 
 
Figure 2.12 : SEM micrograph of D-lactalbumin–chitosan coacervate (50,000×), reproduced 
from Lee and Hong (2009). 
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Figure 2.13 : SEM micrograph of E-lactalbumin–chitosan coacervate (50,000×), reproduced 
from Lee and Hong (2009). 
 
  
Figure 2.14 : SEM micrograph of J-poly(glutamic acid)–chitosan coacervate, reproduced from 
Hsieh and co-authors (2005). 
 
2.6 Encapsulation  
Most of the uses of encapsulation in foods are for masking odours or tastes. Microencapsulation 
also enables ingredients such as enzymes to maintain their viability for extended periods of 
time. Encapsulation of flavoured oils enhances stability. Garlic, herbs and other flavours in 
their encapsulated forms are gaining popularity in microwavable and extruded foods because 
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of their stability at high temperatures for short periods of time. Flavour is of great importance 
and valuable among all ingredients in any food formula (Madene, Jacquot, Scher, & Desobry, 
2006). However, aromatic ingredients can be expensive even in very small amount due to their 
volatile and delicate characteristics making it of high priority for food manufacturer to preserve 
them (Madene, Jacquot, Scher, & Desobry, 2006).  
Recent developments in the encapsulation of foods have been mainly in the areas of controlled 
release, carrier materials, encapsulation methods, and sweetener encapsulation. Most patents 
are concerned with controlled and sustained release. Their main objective is to lead to new and 
improved products, such as in the patent for mixing sweetener with a wax coating by Zibell 
(1989), and in many others. 
 
2.6.1 Encapsulation principles 
Encapsulation can be described as a method to wrap small substances by using protective 
coatings with the purpose being to protect, separate, extend lifespan, improve handling, or 
enable controlled release of the materials. Different techniques have been utilized in 
encapsulation including spray drying and coacervation. A wide variety of foods are 
encapsulated including oil or flavoured oil, artificial sweeteners, colourants, preservatives, 
antioxidants, odours, nutrients, and many other delicate food products. Materials such as 
protein, fats and starches can be used as encapsulating materials.  
There has been a lot of interest in encapsulation technologies for the past few decades due to 
their potential applications in diverse industries such as for pharmaceuticals, foods, building, 
cosmetics and many others. Encapsulation is a process which involves the entrapment of a core 
material (normally easily degradable  material) within a robust wall material (called the 
‘capsule’ or ‘shell’) (Wandrey, Bartkowiak & Harding, 2009; Fang & Bhandari, 2010) to 
protect the core materials from extreme conditions including oxygen, heat, light and moisture 
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and to enhance their stability and maintain their viability (Devi et al., 2017). The coated or 
entrapped material is usually a liquid but can be a solid or gas. This core material is also known 
as the ‘actives’, ‘fill’, ‘internal phase’ or ‘payload’. Encapsulation can be of many different 
forms, such as a simple membrane coating, a wall or membrane of spherical or irregular shape, 
a multiwall structure with walls of the same or varying compositions, or numerous cores within 
the same walled structure (Gibbs, Kermasha, Alli & Mulligan, 1999). The coating can consist 
of various materials, including complex coacervates, and can also be called the ‘capsule’, ‘wall 
material’, ‘membrane’, ‘carrier’ or ‘shell’. Encapsulation involves the incorporation of various 
ingredients within a capsule of approximately 5 to 300 µm in diameter (Lee & Hong, 1996).  
Many encapsulation processes can be employed, including complex coacervation, spray drying, 
fluididised bed coating, and numerous other technologies (Gibbs et al., 1999; Jyothi et al., 
2010). 
 
2.6.2 Factors affecting encapsulation 
The main factors which affect encapsulation include the mass ratio of wall material to core 
material, biopolymer concentration, molecular mass of biopolymer, and crosslinking (Jyothi et 
al., 2010) 
Huang and co-workers (Huang, Chen & Lee, 2007) found that pH is an important factor to 
create monodisperse droplets. Coacervate droplets were formed in the gelatin–gum arabic 
system that the researchers were studying when the pH of gelatin was below its isoelectric 
point. It was also observed that crosslinking material will affect the microcapsule shell material 
rigidity but the difference in crosslinking agents will not affect particle size (Huang, Cheng, 
Yu, Tsai & Cham, 2007). An increase in polymer concentration will also increase 
encapsulation efficiency (Rafati, Coombes, Adler, Holland & Davis, 1997; Li et al., 1999). 
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2.6.3 Encapsulation with protein–polysaccharide complex coacervate 
Many studies have performed encapsulation with protein–polysaccharide coacervates 
(Jizomoto, Kanaoka, Sugita & Hirano, 1993; Tirkkonen, Turakka & Paronen, 1994; Palmieri, 
Martell, Lauri & Wehrie, 1996; Wang, Adhikari & Barrow, 2018). Those studies involving 
encapsulation of oil include the encapsulation of linseed oil using gelatin–acacia coacervate 
(Ach et al., 2015), flavours in baked food (Yeo, Bellas, Firestone, Langer & Kohane, 2005), 
garlic oil using gelatin–gum acacia (Siow & Ong, 2013), palm oil using chitosan–xanthan / 
chitosan–pectin coacervate (Ruiz, Vazquez & Campos, 2017), flaxseed oil using gelatin–gum 
arabic capsules (Li, Low & Nickerson, 2010), and many other encapsulation systems.  
Weinbreck and co-authors (Weinbreck, Minor & de Kruif, 2004b) investigated the 
microencapsulation of sunflower oil, lemon and orange oil flavour using complex coacervation 
of whey protein–gum arabic. The formation of a smooth biopolymer shell around the oil 
droplets was achieved at a specific pH (close to 4.0) and the payload of oil (i.e. amount of oil 
in the capsule) was higher than 80%. It was also found that it was easier to encapsulate small 
oil droplets as compared to large droplets, and the stability of the emulsion made of oil droplets 
covered with coacervates was strongly pH-dependent (Weinbreck et al., 2004b). In Xiao and 
co-authors’ (Xiao, Yu & Yang, 2011) study on the microencapsulation of sweet orange oil by 
complex coacervation with soybean protein isolate–gum arabic, the core material load was 10 
for the highest microencapsulation efficiency and microencapsulation yield. Spherical 
microcapsules without holes on the surface were obtained.  
Chang and co-workers’ (Chang, Varankovich & Nickerson, 2016) study involved the 
microencapsulation of canola oil using lentil protein isolate-based wall materials by spray 
drying. They found that the oil emulsion with lower oil concentration formed a more stable 
emulsion with lower surface oil content and higher oil entrapment efficiency. The 
microcapsules obtained using the system were smaller than 10 Pm in size and could be used in 
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a wide range of food products, including baked goods. 
There has been very limited study on the encapsulation of canola oil using canola protein 
isolate-based complex coacervates. 
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Chapter 3 : Experimental procedures 
 
The experimental procedures mainly consisted of the materials used, preparation of canola 
protein isolate (CPI), CPI and chitosan stock solutions, and CPI–chitosan (CPI–Ch) complex 
coacervate. The procedures also include methodologies for analytical testing, rheological 
testing, scanning electron microscopy, and the development of canola oil capsules using 
coacervates. The experimental procedures are detailed in Chapter 4, 5 and 6.
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Chapter 4 : Development and optimisation of the complex coacervation 
between canola protein isolate and chitosan 
 
4.1 Introduction 
Complex coacervation is a process in which solid–liquid separation occurs when two 
oppositely charged polymers undergo complexation in an aqueous medium. The bottom 
phase is rich in complex coacervates and is denser. The top phase contains much lower 
amount of complex coacervates and is less dense. It remains in equilibrium with the dense 
bottom phase. Due to the concentration of complex coacervates, this bottom phase can have 
10 times higher viscosity than that of the individual polymers undergoing complexation at the 
same concentration (Ducel, Richard, Saulnier, Popineau & Boury, 2004; Zhou & Meyerhoff, 
2005). The most important industrial application of complex coacervation is in the 
microencapsulation of sensitive ingredients in food and pharmaceutical industries. Food-
grade complex coacervates, in which both the cationic and anionic polymers are food grade, 
are desired due to their nutritional benefits and superior functional properties in stabilizing 
unstable food ingredients — such as omega-3, enzymes, and flavours — from oxidation 
and/or degradation (Barrow et al., 2013; Jiang et al., 2013; Yeo et al., 2005). For this reason, 
the formation and characterisation of protein–polysaccharide complex coacervates such as 
β-lactoglobulin–carrageenan, gelatin–agar, and whey protein–gum arabic have been 
researched in considerable detail (Ould et al., 2000; Singh et al., 2007; Weinbreck et al., 
2004). 
Complex coacervation produces biopolymer-rich and solvent-rich phases (Boral & Bohidar, 
2010; Schmitt & Turgeon, 2011; Schmitt et al., 1998; Tolstoguzov, 1991). The biopolymer-
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rich phase consists of soluble and insoluble complexes that re-orient into either a coacervate 
or precipitate-type morphology, depending on the strength of charge of the participating 
polymers. Coacervates comprise complexed biopolymers, typically involving 
polyelectrolytes that are positively charged (e.g. protein) and negatively charged (e.g. 
polysaccharides), that entrap some solvent to remain mobile (Klassen et al., 2011).  
Complex coacervation of proteins from soy, pea lentil, and chia seeds with polysaccharides 
from chitosan, alginate, gum arabic, dextran sulphate, carrageenan pectin, and chia seed gum 
have previously been studied in considerable detail (Huang et al., 2012; Jun-xia et al., 2011; 
Elmer et al., 2011; Timilsena et al., 2016). These studies show that the complexation between 
protein and polysaccharide depends on the nature of the participating protein and 
polysaccharide and requires thorough study in each case.  
To date there has been very limited study on complex coacervation involving canola protein 
isolate (CPI), especially between CPI and chitosan. Given that a large quantity of protein-rich 
canola meal is produced by the canola oil industry, its alternate use as a complexing 
biopolymer has economic potential. In addition, study of complex coacervation between 
canola protein isolate and chitosan will provide greater understanding of the science 
underpinning the complex coacervation phenomenon between a less studied plant protein and 
a commercially available polysaccharide, both of which are co-products of their respective 
industries. Furthermore, chitosan is a sustainable, naturally-derived, high-molecular-mass 
cationic biopolymer that has been recognised for food neutraceutical encapsulation (Chen et 
al., 2006) and has mucoadhesive (Sogias et al., 2008 and Sogias et al., 2012), intestinal lipid 
binding, and serum cholesterol lowering effects (Razdan and Pettersson, 1994) properties. It 
is thus of practical interest to study the complex coacervation process between CPI and 
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chitosan. In addition to that, chitosan also has antioxidative and preservative effects in meat 
(Darmadji and Izumimoto, 1994), it has been used as an emulsifying, thickening, and 
stabilizing agent in the food industry (Shahidi et al., 1999), and it is easily manipulated in 
mildly acidic conditions (e.g. dilute acetic acid).  
Global canola production has grown rapidly over the past 40 years, and it is the second 
largest oil crop (USDA, 2010), with its worldwide production projected to reach 15 million 
tonnes by 2015 (Newkirk, 2009). To date, the protein-rich canola meal is underutilized and is 
being sold as low-cost animal feed supplement, despite the fact that it contains 35–40% 
protein (Stone et al., 2014). Canola proteins have a good essential amino acid profile, 
including isoleucine, leucine, lysine, methionine, phenylalanine, threonine, and valine 
(Sosulski & Sarwar, 1973; Khattab & Arntfield., 2009), and the highest protein efficiency 
ratio (PER = 3.29) of all plant-based proteins (Bell et al., 2000).  
Due to the nutritional value mentioned above, canola protein isolate makes a good base 
material to produce plant protein-based complex coacervate to be used in the food and 
pharmaceutical industries. According to Tolstoguzov (2003), protein–polysaccharide 
interactions play an important role in controlling food quality and texture. Besides that, the 
commercial utilization of canola protein isolate as a major ingredient of a complex 
coacervate, and its utilization as an encapsulating matrix material for sensitive food 
ingredients, will be helpful in reducing canola meal waste. To some extent this will also 
maximize its utilization as a high-value nutritional ingredient in functional food formulations. 
This will contribute, in part, to the reduction of food wastes and help in improving food 
security.  
Similarly, chitosan is the second-most abundant polysaccharide in the world. Due to its 
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abundance, non-toxicity, biodegradability and biocompatibility, good film-forming 
properties, low viscosity, and high solubility chitosan has great potential as a 
microencapsulant (Peniche et al., 2003). 
Canola protein isolate and chitosan are suitable to be used to form coacervates, as chitosan is 
positively charged over a wide pH range, while canola protein isolate is amphoteric with 
negative charge above its isoelectric point (pI). Some proteins that undergo complex 
coacervation with chitosan include α-lactalbumin and β-lactoglobulin (Lee & Hong, 2009), 
soy globulin (Liu et al., 2011), pea protein isolate (Elmer et al., 2011), and soybean protein 
isolate (Huang et al., 2012). 
The complex coacervation-based encapsulation method has several benefits, such as high 
encapsulation efficiency, use of a non-toxic solvent system, being able to process at moderate 
temperature, and ready availability of a large number of polymers for complexation 
(Arntfield et al., 1998; Klassen et al., 2011).  
The complex coacervation process is affected by the nature of the polymers, charge density, 
polymer concentration, the ratio of the polymers used, pH, temperature, and ionic strength 
(de Kruif et al., 2004; Siow et al., 2013). Hence, determining the optimum conditions is 
crucial in the complex coacervation process. 
In this study, the science that delivered the optimal complex coacervation between CPI and 
chitosan is reported. Specifically, the charge density, ionic strength, pH, and CPI-to-chitosan 
mass ratio were optimised to produce complex coacervates of the highest yield. The 
interactions between the functional groups of participating polymers were also studied. 
Thermal characteristics of uncrosslinked and transglutaminase-crosslinked CPI–chitosan 
coacervates were also investigated.  
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4.2 Materials and Methods 
Canola meal (cold pressed) was provided by Cootamundra Oilseeds (New South Wales, 
Australia) and stored at 4 °C in air-tight plastic bags until use. According to the supplier, the 
meal contained 36.8% proteins, 12.1% crude fats, 6.3% minerals (ash), and 9% moisture on a 
wet mass basis. These values are comparable to the reported literature values of 36.1% 
proteins, 6.3% ash and 11.4% moisture, except for crude fats (2.8%) (Khattab & Arntfield, 
2009; NSWDPI, 2004).  
Canola protein isolate (CPI) was extracted and purified in the laboratory. Chemicals, 
including sodium hydroxide, citric acid, acetic acid, and chitosan, were purchased from 
Sigma-Aldrich (NSW, Australia) and were of analytical or food grade, and they were used as 
received. The bicinchoninic acid (BCA) assay reagents were obtained from Fisher Scientific 
(Victoria, Australia). A low-molecular-mass chitosan (deacetylated chitin), poly(D-
glucosamine) with a viscosity of 20–300 mPa.s was obtained from Sigma-Aldrich. 
Transglutaminase (a crosslinker) was purchased from the Melbourne Food Depot 
(Melbourne, Australia). 
 
4.2.1 Preparation of canola protein isolate 
Canola protein isolate (CPI) was prepared by combining the methods reported previously 
(Klassen et al., 2011; Klockeman et al., 1997) with some minor modifications.  
The canola meal (500 g) was defatted by hexane extraction using a meal-to-hexane ratio of 
1:10. The extraction was carried out for 24 hours by subjecting the mixture to constant 
mechanical stirring. The hexane containing the extracted oil was separated by filtration and 
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the meal was further washed twice with hexane (2×100 mL). The recovered meal was 
air-dried in a fume hood for 24 hours in an air-conditioned room (24±2 °C). These defatting 
and drying protocols were repeated once to reduce the fat content further.  
Defatted canola meal (100 g) was dispersed in purified water (Milli-Q) at a meal-to-water 
mass ratio of 1:10, and the pH of this suspension was adjusted to pH 12.0 using 1.0 M NaOH 
solution, as the solubility of canola protein in deionized water was highest at pH 12.0. The 
slurry was stirred at 500 rpm for 2 hours at ambient temperature. The suspension was then 
centrifuged at 10,000 × g for about 30 minutes at 5–10 °C using a temperature-controlled 
laboratory centrifuge (Sorvall RC5C, Thermo Scientific, USA). The supernatant was 
collected and filtered through a 0.45Pm Whatman #1 filter paper (Whatman International, 
Maidstone, UK). The pH of the filtrate was adjusted to 4.0 (pI of CPI) with 0.5 M citric acid 
to facilitate protein precipitation. The precipitate was recovered by centrifuging at 10,000 × g 
for 30 minutes. The protein precipitate was washed three times with purified water (3 × 1 L) 
and freeze-dried. The freeze-dried protein isolate was then powdered finely and sieved 
through a 125 μm sieve. The extraction method is presented schematically in Figure 4.1A. 
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Figure 4.1A: Schematic diagram of the extraction of canola protein isolate (CPI). 
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4.2.2 Preparation of CPI and chitosan stock solutions 
Stock solutions of 0.5% CPI and 0.5% chitosan were prepared using the purified CPI and 
chitosan powders. The CPI stock solution was prepared by dissolving 2.5 g of CPI powder in 
500 mL of purified water and adjusting the pH to 12.0 using 1 M NaOH to ensure good 
solubility of protein. The increase of pH to 12.0 is important, as the solubility of CPI had 
been reported to be on the order of 60% or less in the pH range of 2.0 to 10.0 (Klockeman et 
al., 1997). The aqueous mixture of CPI was constantly stirred for 1 hour at ambient 
temperature in order to dissolve the protein. The protein dispersion was allowed to hydrate 
overnight at 4 °C. The hydrated dispersion was stirred for 1 hour and subsequently 
centrifuged, and the supernatant was recovered. The protein content of this supernatant 
solution was determined, and the stock solution was stored at 4 °C until its use.  
Chitosan stock solution was prepared by dispersing 2.5 g of chitosan powder in 500 mL of 
10 g/L acetic acid prepared using purified water (Milli-Q) at ambient temperature. The 
aqueous mixture of chitosan was constantly stirred for 1 hour at ambient temperature. The 
chitosan was allowed to hydrate overnight at 4 °C. The hydrated dispersion was stirred for 1 
hour before centrifugation to remove any undissolved solids. The supernatant was recovered 
and stored at 4 °C until used. About 0.2 g/L sodium azide was added to both the CPI and the 
chitosan stock solutions to prevent microbial growth.  
 
4.2.3 Preparation of CPI–Chitosan Complex Coacervates 
CPI–chitosan (CPI–Ch) complex coacervates at different ratios were prepared by mixing 
0.5% CPI and 0.5% chitosan solutions according to the required CPI-to-chitosan mass ratios. 
The mixture was shaken vigorously in a plastic tube with a cover, before stirring for a further 
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10 minutes. In order to enhance the stability of CPI–Ch complex coacervates, they were 
crosslinked by the addition of 50 mL of aqueous transglutaminase solution (10 g/L) 
immediately after adjusting the pH of mixture to 4.2. The crosslinking was allowed to 
continue for 2 hours at ambient temperature. 
The complex coacervation between CPI and chitosan is primarily driven by electrostatic 
attractive forces arising between these two biopolymers when they become oppositely 
charged. The CPI-to-chitosan mass ratio and the pH of the mixture are critical factors 
affecting the attraction and subsequent complexation between these two macromolecules. 
Therefore, these two parameters were optimized to achieve the highest possible yield and 
functionality of complex coacervates. The zeta potential of aqueous solutions of CPI and 
chitosan, the turbidity (measured as absorbance) of the CPI–Ch mixtures, and the yield of the 
dried coacervates were measured and used in this study as the basis of optimization of the 
complex coacervation process, as suggested in earlier studies (Wang et al., 2014; Huang et 
al., 2012; Timilsena et al., 2016).  
 
4.2.4 Determining the optimum pH for complex coacervation 
The pH plays the most important role in the complex coacervation process, as it controls the 
degree of ionization of the functional groups and the strength of the electrostatic interaction 
between the charged moieties (de Kruif et al., 2004; Siow et al., 2013; Burgess, 1990). The 
strength of interaction is important because the physicomechanical and thermal properties of 
the complex coacervates are governed by the extent of interaction between the participating 
polymers (Huang, 2012).  
To determine the optimum pH for the complex coacervation between CPI and chitosan, the 
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individual CPI and chitosan solutions were adjusted to different pH values, ranging from 2.0 
to 12.0 using 0.5% citric acid or 0.5% NaOH. The zeta potential values were measured using 
dynamic light scattering phenomena in a Malvern Zetasizer NanoZS (Malvern Instruments, 
Worcestershire, UK). A minimum of three replicate tests was carried out at 25 °C for each 
formulation, and the average values were reported. The strength of electrostatic interaction 
(SEI) of CPI and chitosan at each pH value was determined accordingly as the product of 
absolute values of the zeta potentials of protein and polysaccharide (Espinosa-Andrews et al., 
2013). The tentative optimum pH range was selected based on the maximum SEI range. The 
selected pH (based on maximum SEI) was used to optimize the CPI–chitosan mass ratio.  
The pH was further optimized at the determined optimum CPI–chitosan mass ratio. CPI–Ch 
mixture were prepared by mixing the appropriate volume (based on the determined optimum 
CPI-to-chitosan mass ratio) of 0.5% CPI and 0.5% chitosan solutions. The mixture was then 
stirred to make it more uniform. The pH of the mixture was adjusted to various pH values 
within the selected pH range to allow complexation to occur between CPI and chitosan. The 
turbidity (measured as absorption) of CPI–Ch mixture and the complexed suspensions were 
determined using a UV spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). The 
absorption of these suspensions was measured at 350 nm. The pH value or range at which the 
highest light absorption occurred was regarded as the optimum pH for complex coacervation. 
 
4.2.5 Determining optimum CPI–chitosan mass ratio for coacervation 
Another important factor in the complex coacervation process is the mixing ratio between 
CPI and chitosan. The highest proportion of CPI and chitosan molecules present in the 
mixture should be able to interact with each other to produce the highest quantity of 
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coacervate yield. Therefore, the CPI–chitosan mass ratio has to be judiciously selected to 
make this happen. Suboptimal CPI-to-chitosan mass ratios mean that a higher proportion of 
either CPI or chitosan molecules remain unreacted (uncomplexed), and they are then lost to 
the equilibrium phase resulting in lower yield of the complex coacervate (Xiao et al., 2014). 
The optimum CPI-to-chitosan ratio at the optimum pH (the pH value at which highest 
turbidity and SEI values were observed) was adopted in order to achieve the highest 
interaction between these two polymers to produce the highest coacervate yield. For this 
purpose, CPI-to-chitosan mass ratios of 1:2, 1:1, 4:1, 6:1, 8:1, 12:1, 16:1, 20:1, and 30:1 were 
used. 
 
4.2.6 Measurement of the complex coacervate yield 
In order to determine the yield of the complex coacervates, the aqueous dispersions of 
varying CPI-to-chitosan mass ratios and pH were prepared at ambient temperature.  
The CPI–Ch mixture of the required mass ratio was used. The pH of the dispersions was then 
adjusted to the required value at which the CPI–Ch complex coacervates were formed. These 
gel-like complex coacervates precipitated throughout the sample and then (quickly) settle to 
the bottom. After allowing the complex coacervates to stabilize for 0.5 h at ambient 
temperature, the precipitated coacervates were recovered by centrifugation and dried in an 
oven at 105 °C until constant mass was attained. The yield was then calculated. The 
coacervate yield was calculated using equation 1 (Huang et al., 2012). 
           …………………………………………………………… (1) %100(%)
0
u=
m
mCY i
  
 4-12 
where, CY is the yield of complex coacervates (%), mi is the mass of dried coacervates, and 
m0 is the total mass of CPI and chitosan in the formulation. 
 
4.2.7 Drying of the complex coacervates 
The liquid complex coacervate phase samples to be used for further characterization were 
separated from the equilibrium phase by centrifugation using a laboratory centrifuge 
(Eppendorf Centrifuge 5702, Eppendorf, Hamburg, Germany) at 4,000 rpm for 15 minutes 
and were subsequently freeze-dried. 
 
4.2.8 Acquiring FTIR spectra of CPI, chitosan and complex coacervates 
Functional groups in CPI, chitosan and CPI–Ch coacervates were determined using Fourier-
transform infrared spectroscopy (FTIR), for which a spectrophotometer was coupled with an 
ATR accessory (Spectrum 100, Perkin-Elmer, USA). All of the spectra were averages of 16 
scans from 4000 cm−1 to 650 cm−1 at a resolution of 4 cm−1. Freeze-dried CPI and coacervate 
powders were used in these tests. 
 
4.2.9 Thermal characteristics of complex coacervates 
The thermal characteristics of the coacervates were studied using differential scanning 
calorimetry (DSC). The denaturation temperature range (∆Td), peak denaturation temperature 
(Td) and the enthalpy of denaturation (∆H) of CPI, chitosan and CPI–Ch coacervate powders 
were determined using a differential scanning calorimeter (DSC-028 Mettler Toledo, 
Columbus, USA). About 10 mg of each sample was weighed in an aluminium pan (40 PL) 
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and hermetically sealed. Samples were heated from 25 °C to 160 °C at a heating rate of 
10 °C/min. The ∆Td, Td and ∆H values were calculated using the associated software. 
The thermal characteristics of CPI, chitosan and complex coacervates were determined by a 
thermogravimetric analyser (TGA) (TGA 7, Perkin Elmer Inc., USA). A TGA measures the 
thermal stability and degradation of samples. For each run, 2 to 5 mg of dried sample was 
loaded in an open platinum pan, and the mass loss was recorded as a function of furnace 
temperature when the samples were heated from 30 °C to 750 °C. The temperature was 
increased at a rate of 10 °C/min. Nitrogen was used as the heating medium at a flowrate of 
20 mL/s.  
 
4.2.10 Statistical analysis 
Measurements were taken for all experiments and statistically significant differences at 95% 
confidence level (p<0.05) were determined by t-test using Microsoft Excel software. Groups 
exhibiting statistically significant differences were classified by post hoc comparison tests 
using Duncan's Multiple Range Test.  
 
4.3 Results and Discussion 
4.3.1 Composition of CPI 
The analysis of the composition of CPI showed that it contained 86.8 ± 1.0% proteins, 0.9 ± 
0.3% minerals (ash), and 4.9 ± 1.1% moisture.  
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4.3.2 Effect of pH on zeta potential of CPI and chitosan, and strength of electrostatic 
interaction 
The variation in zeta potential values of CPI and chitosan dispersions within the chosen pH 
range (4.0–8.0) is shown in Figure 4.1. The zeta potential of the CPI dispersion became 
positive below pH 4.2. At all the pH values above pH 4.2 the CPI dispersion remained 
negatively charged. The charge on CPI increased gradually with increasing pH. The pH 
dependence of CPI’s zeta potential is due to the amphoteric nature of proteins, as they contain 
both amino (NH2) and carboxyl (–COOH) functional groups. Below pH 4.2, the positively 
charged moieties (–NH3+) outnumber the negatively charged moieties (COO−), resulting in a 
nett positive charge on the protein (Wang et al., 2014). On the other hand, when the pH is 
increased above pH 4.2, the carboxyl groups (–COO−) outnumber the amino groups (NH3+), 
leading to the proteins’ nett negative charge in solution. 
As shown in Figure 4.1, chitosan was positively charged at pH values below 8.1, and the 
magnitude of zeta potential started to increase when the pH was reduced. The positive charge 
on chitosan was due to its solubilisation in acidic environments by protonation of the amino 
groups (NH3+), the mechanism of which was described by Rinaudo et al. (1999). Being a 
weak acid in aqueous media, acetic acid dissociates into hydronium (H3O+) and acetate 
(CH3COO−) ions. In acidic media, chitosan, which is a weak base, reacts with protons (H3O+) 
generated from the dissociation of acetic acid to give the protonated form of chitosan (Ch-
NH3+). The decrease in zeta potential of chitosan with increasing pH can be explained by the 
charge neutralization of chitosan due to the addition of NaOH, which is a source of hydroxyl 
groups that can interact with the proton in chitosan’s amine group. Thus, the amine groups 
become deprotonated and chitosan loses its charge to become insoluble at pH 6.5.   
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Figure 4.1: Zeta potential of CPI, chitosan, and CPI-Ch complex coacervate solutions, and 
the strength of electrostatic interaction (SEI). 
 
SEI is considered to indicate the binding strength during complex coacervation (Espinosa-
Andrews et al., 2013). The SEI values for CPI–Ch solutions attained their highest value at 
around pH 6.0 (Figure 4.1), indicating that the strongest binding or attraction between CPI 
and chitosan occurred at around this pH value. This was also seen from the nearly neutral 
zeta potential of complex coacervates at pH 6.0. 
 
4.3.3 Effect of CPI-to-chitosan mass ratio on coacervate yield 
The protein-to-polysaccharide ratio in the mixture influences the charge balance of their 
complexes (Huang et al., 2012). The complex coacervate yield and turbidity of the 
equilibrium phase of the CPI–chitosan mixtures with different mass ratios are shown in 
Figure 4.2. The turbidity and yield values were determined at various CPI-to-chitosan ratios 
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at the optimum pH of 6.0 (indicated by the highest SEI value). It was found that when the 
CPI-to-chitosan ratio was increased, both the yield and the turbidity were increased 
(p < 0.05), attaining their highest value at the CPI-to-chitosan ratio of 16:1. Further increase 
in the CPI-to-chitosan mass ratios led to significant decrease in the yield and turbidity values 
(p < 0.05). Therefore, the optimum CPI-to-chitosan mixing ratio at pH 6.0 was determined to 
be 16:1. The yield trend of CPI-to-chitosan ratio followed a power law correlation up to a 
CPI-to-chitosan ratio of 16:1, beyond which there was a decrease in yield. 
 
 
Figure 4.2: Turbidity (measured by absorbance) and the yield of complex coacervates at pH 6 
and different CPI-to-chitosan ratios. 
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4.3.4 Effect of pH on coacervate yield 
The pH of the complex coacervation process was further optimised at the optimum 
CPI-to-chitosan mass ratio of 16:1. This refinement was intended to determine the best 
possible pH to obtain the highest coacervate yield. 
The yield and turbidity of complex coacervates are the most reliable parameters used to 
optimize the complex coacervation process (Wang et al., 2014) and hence are used as 
determining parameters in the optimisation process. Figure 4.3 shows the yield of the 
complex coacervates in a selected pH range. As shown in the figure, the yield of the complex 
coacervates increased with increasing pH values (p < 0.05) from pH 4.0 to pH 6.0. There was 
a sharp increase in yield when the pH was increased from 4.0 to 4.5, followed by a gradual 
increase from pH 4.5 to 5.5, which could be due to the presence of insoluble CPI.  
Substantial increase in the turbidity of CPI from pH 4.5 was observed before a steep 
decrease. There was another sharp increase in yield from pH 5.5 to 6, which could be the 
point at which the formation of insoluble complexes was initiated. The presence of complex 
coacervate was confirmed from the steep increase in the turbidity of the CPI–chitosan 
mixture within this pH range. Since the turbidities of CPI alone and the CPI–chitosan mixture 
were nearly identical up to pH 5.5, protein insolubility has a major contribution to the 
turbidity value in this pH range. However, the turbidity of the CPI–chitosan mixture was 
found to be higher than that of CPI alone above pH 5.5, and this difference in turbidity is due 
to the formation of insoluble complexes. 
The yield of the complex coacervates started to decrease with pH values above 6.0. There 
was a significant decrease in yield as the pH increased from 6.5 to 7.0. This decrease in yield 
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may be due to disturbance of the charge balance between CPI and chitosan, which resulted in 
an excess in the amount of CPI, as it was not all able to complex with chitosan.  
The pH dependence of the yield of complex coacervate at the optimal CPI-to-chitosan ratio 
indicated that the yield increased from 68.0% to 78.0% when the pH of the dispersion was 
increased from 4.0 to 6.0, at which pH the highest yield was obtained. Further increase in the 
pH resulted in a decrease in the yield. The variation of pH above and below its pI ionized the 
functional groups of CPI. The ionization of amino groups progressed continuously until the 
pH of the dispersion reached 6.0. This optimum pH correlated well with the SEI values, 
which were found to be highest around pH 6.0. Further alkalinisation of the mixed dispersion 
above the pH value of 6.0 resulted in dissociation of the complex coacervates, which was 
reflected in the decrease in the yield. The decrease in yield below the optimum pH value (pH 
6.0) could be due to the decrease in SEI (as shown in Figure 4.1), which ultimately decreased 
the formation of complex coacervates between CPI and chitosan. Turbidity data showed a 
similar overall trend to that for the yield, with a statistically significant (p > 0.05) decrease in 
turbidity between pH 6.5 and 7.0. This rightly indicates that the highest propensity for 
complexation between CPI and chitosan occurred in the pH range of 5.5–6.5.  
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Figure 4.3: Percentage yield and turbidity (measured by absorbance) versus pH for CPI, 
chitosan and CPI–chitosan mixture (at CPI-to-chitosan ratio of 16:1). 
 
4.3.5 FTIR characteristics of CPI–chitosan coacervate 
The FTIR spectra for CPI, chitosan, uncrosslinked CPI–chitosan coacervate, and CPI–
chitosan coacervate crosslinked using transglutaminase are shown in Figure 4.4. The FTIR 
spectrum of CPI showed absorption bands at 1639 cm−1 (amide I, C=O and C–N stretching), 
1516 cm−1, 1454 cm−1 (amide II, N–H deformation and C–N stretching) and 1230 cm−1 
(amide III, C–N stretching, N–H deformation) (Kong & Yu 2007). The FTIR spectrum of 
chitosan showed peaks at 3357 cm−1 (amino), 2871 cm−1 (stretching vibration of C–H bond), 
1580 cm−1 (amide II, C=O and C–N stretching), 1676 cm−1 (amide I, C=O and C–N 
stretching), 1405 cm−1 (joint contribution of the vibration of –OH and –CH) and 1160 cm−1 
(C–O stretch) (Huang et al., 2012).  
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Figure 4.4: FTIR spectra of CPI, chitosan, CPI-chitosan coacervate and CPI-chitosan 
coacervate cross-linked using transglutaminase. 
 
The coacervates had peaks that comprised a combination of the peaks of CPI and chitosan, 
with minor shifts and domination by the CPI functional groups due to the high CPI-to-
chitosan ratio. The uncrosslinked and transglutaminase-crosslinked CPI–chitosan coacervates 
both exhibited a strong absorption band at 1639 cm−1 (amide I, C=O and C–N stretching). 
Amide II (N–H deformation and C–N stretching) and amide III absorption bands were also 
observed in the coacervates. Although the shift in peaks was reported by other researchers 
(Devi et al., 2012; Timilsena et al., 2016) during complex coacervation of gelatin and sodium 
alginate, and of chia seed protein isolate and chia seed gum, significant shifts were not found 
in the protein peaks during complex coacervation of CPI and chitosan. It has been reported 
that the shifting of peaks is characteristic of conformational change of random coil and α-
helix structures to a more organised β-sheet protein structure. 
0.0098
0.0103
0.0108
0.0113
0.0118
0.0123
0.0128
60
0
80
0
10
00
12
00
14
00
16
00
18
00
20
00
22
00
24
00
26
00
28
00
30
00
32
00
34
00
36
00
38
00
40
00
Ab
so
rba
nc
e
Wave number (cm-1)
CPI-chitosan coacervate (crosslinked with
tranglutaminase)
CPI-chitosan coacervate
CPI
Chitosan
  
 4-21 
4.3.6 Thermal characteristics of CPI–chitosan complex coacervates 
Figure 4.5 shows the DSC thermograms of CPI, chitosan and CPI–chitosan coacervates. The 
denaturation temperature range (∆Td), peak denaturation temperature (Td) and denaturation 
enthalpy (∆Hd) of CPI and CPI–chitosan coacervates were determined from the thermograms 
and are tabulated in Table 4.1. The peak denaturation temperature and denaturation enthalpy 
of free CPI (Td = 77  °C and ∆Hd = −3.8 mJ/g) were much lower than those for protein in 
complex coacervates (Td = 92.3  °C (uncrosslinked) and 108.5  °C (crosslinked); ∆Hd = −7.1 
mJ/g (uncrosslinked) and −13.8 mJ/g (crosslinked)). The higher peak denaturation 
temperature and denaturation enthalpy of CPI in coacervates indicates that the CPI in the 
complexed state was more thermally stable than the free or unreacted CPI. The thermal 
stability of CPI in coacervates was further enhanced when crosslinked with transglutaminase. 
This is in agreement with the findings of other researchers (Baeza & Pilosof, 2002; Timilsena 
et al., 2016). The thermal stability of CPI in coacervate indicates that CPI–chitosan 
coacervate would be suitable to be used for encapsulation of thermally sensitive materials. 
The percentage mass losses with temperature during heating are illustrated in Figures 4.6A 
and 4.6B for CPI, chitosan and CPI–chitosan complex coacervate powders. As shown, there 
was minor loss of mass in CPI, CPI–chitosan and crosslinked CPI–chitosan complex 
coacervates up to about 200 °C, which could be due to loss of free and bound water contained 
in the sample. Rapid deterioration of samples was observed between 200 °C and 320 °C. A 
similar trend was observed for chitosan, with the onset of mass loss starting from about 
260 °C. Crosslinked CPI–chitosan coacervate exhibited less mass loss as compared to that of 
CPI and CPI–chitosan coacervate. These results are in agreement with the results reported in 
previous studies (Karaosmanoglue et al., 2001; Timilsena et al., 2016). 
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Table 4.1: Denaturation temperature range (∆Td), peak denaturation temperature (Td) and 
denaturation enthalpy (∆Hd) of CPI and CPI–chitosan coacervates. 
Material ∆Td (°C) Td (°C) ∆Hd (mJ/g) 
CPI 58.3 to 94.7 77.0 −3.8 
Uncrosslinked CPI–chitosan coacervate 70.5 to 108.5 92.3 −7.1 
Crosslinked CPI–chitosan coacervate 76.8 to 143.5 108.5 −13.8 
 
 
Figure 4.5: Differential scanning calorimetric thermograms of CPI, chitosan and CPI-chitosan 
powders. 
 
  
 4-23 
 
Figure 4.6A: Relative mass loss of CPI, chitosan and CPI–chitosan complex coacervate 
powders as a function of furnace temperature. 
 
 
Figure 4.6B: Derivative of relative mass loss versus temperature profiles for CPI, chitosan 
and CPI–chitosan complex coacervate powders, as functions of temperature. 
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4.4 Conclusions 
The complex coacervation between canola protein isolate (CPI) and chitosan was 
optimized in terms of pH and the CPI-to-chitosan mixing ratio. The CPI-to-chitosan 
ratio, pH, and ionic strength were found to significantly affect the degree of 
coacervation.  
The optimum pH range for CPI–chitosan coacervate was 5.0–6.5, which was reflected 
in the high turbidity and yield (a maximum of 78%) values. Both the yield and 
turbidity values showed similar declining trends on both ends of the optimum pH 
range. This was consistent with the maximum SEI value for CPI and chitosan, which 
was found to occur at pH 6.0. At this pH, CPI and chitosan demonstrated the highest 
bonding strength, an important parameter for coacervation, with CPI being negatively 
charged above pH 4.2 while chitosan was positively charged at pH values below 8.1.  
The optimal CPI-to-chitosan ratio was found to be 16:1. The lowest yield and turbidity 
values were observed at a CPI-to-chitosan ratio of 1:2. Similar trends were observed in 
both the turbidity and yield.  
The CPI–chitosan coacervates (crosslinked and uncrosslinked) had functional groups 
that were a combination of those of CPI and chitosan, with minor shifts and 
domination by the CPI functional groups due to the high CPI-to-chitosan ratio. The 
coacervates manifested a strong absorption band at 1639 cm−1 (amide I, C=O and C–N 
stretching), together with amide II (N–H deformation and C–N stretching) and amide 
III absorption bands.  
It has been found that CPI in coacervates is more thermally stable than that of free 
CPI. The peak denaturation temperature and enthalpy of free CPI were much lower 
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than those of protein in complex coacervates (both crosslinked and uncrosslinked), 
with enhancement upon crosslinking. Crosslinked CPI–chitosan coacervate showed 
less relative mass loss than did CPI or uncrosslinked CPI–chitosan coacervate. It was 
observed that there was minor loss of mass in CPI and CPI–chitosan complex 
coacervates (both crosslinked and uncrosslinked) up to about 200 °C, except for the 
loss of water due to evaporation that occurred below 100 °C. Rapid deterioration of 
samples was observed between 200 °C and 320 °C. A similar trend was observed for 
chitosan, with the onset of mass loss starting from about 260 °C. The thermal stability 
of CPI in coacervate indicates that CPI–chitosan coacervate would be suitable to be 
used for encapsulation of thermally sensitive materials.  
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Chapter 5 : Rheological and microstructural characteristics of canola 
protein isolate-chitosan complex coacervates 
 
5.1 Introduction 
Canola is the second largest oil crop in the world (USDA, 2010), and is grown primarily to 
extract canola oil. However, as this process only utilizes the oil component of canola, canola 
meal mostly becomes food waste. The popularity of canola oil greatly amplifies the 
environmental implication of this underutilized solid byproduct, thus making it a pressing 
global environmental issue.  
One of the potential solutions to the problem is the utilization of canola meal as a higher-value 
product through complex coacervation. This process could yield products such as biopolymers, 
which would deliver several benefits to society: canola meal is highly nutritional, large quantity 
availability as a ‘waste’ by-product, and it is a good source of plant protein. Furthermore, as 
canola protein isolate can readily undergo complexation and complex coacervation with other 
biopolymers, the resulting ingredients can be used as encapsulating shell materials and 
emulsifiers. This study will provide rheological and microstructural knowledge of canola 
protein isolate−chitosan complex coacervate for proper utilization of the product.   
Complex coacervation is a process in which two oppositely charged polymers come together 
and produce electrostatically stabilised macromolecular assemblies known as complex 
coacervate (de Kruif, & Tuinier, 2001; Tolstoguzov, 2003). In general, proteins and some 
polysaccharides are negatively and positively charged, respectively above their isoelectric 
points.  When these biopolymers are brought together under dilute conditions, they can react 
with each other at certain pH and ionic strength forming a complex between them. Although 
various protein and polysaccharide systems have been studied in detail for their complex 
coacervation characteristics, including rheological and microstructural information, canola 
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protein isolate and chitosan systems have not been studied. Therefore, these two biopolymers 
were selected for this study considering their novelty in terms of their nutritional values, 
abundance and availability, as well as their ability to form a complex coacervate phase (Chang, 
Gupta, Timilsena, & Adhikari, 2016). Characterising these materials is vital to assist in their 
proper utilization, so that they may effectively turned into high-value products. 
In this study, complex coacervates are produced using CPI as a cationic biopolymer and 
chitosan as an anionic biopolymers, which combines the nutritional and functional benefits of 
each biopolymer and thereby provides a product that can be used as encapsulating shell 
materials for protecting unstable food ingredients including oils and flavors from oxidative 
degradation (Barrow, Wang, Adhikari & Liu, 2013; Yeo, Bellas, Firestone, Langer & Kohane, 
2005). Such complex coacervates can also be used to microencapsulate pharmaceutical 
ingredients such as vitamin supplements (Schrooyen, van der Meer & de Kruif, 2001). 
Rheological properties of complex coacervates play a significant role in their production and 
processing, and ultimately impact on their texture and taste.  
The rheological behavior of a number of complex coacervate systems had been studied and 
reported (Uruakpa & Arntfield, 2004; Espinosa-Andrews, Sandoval-Castilla, Humberto 
Vázquez-Torres, Vernon-Carter & Lobato-Calleros, 2010). Uruakpa and Arntfield (2004) 
studied the rheological properties of CPI–carrageenan mixtures. They found that the CPI–
carrageenan coacervates comprised robust elastic networks and these networks were pH and 
concentration-dependent. Burgess (1994) reported that the high viscosity of albumin–gum 
arabic coacervate was responsible for producing capsules which were fairly stable against 
coalescence, even in the absence of cross linkers. It was shown, as early as 1980s, that the 
formation of complex coacervate between bovine serum albumin and dextrane sulfate resulted 
into increased shear strength of films formed at the liquid interface (Gurov & Nuss, 1986). 
Thomassin, Merkle and Gander (1997) also found that the encapsulation process is influenced 
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by the viscoelasticity of the coacervate. 
Polymer concentration, pH, ionic strength and temperature determine the rheology and structure 
of protein-polysaccharide complexes and complex coacervates (Tolstoguzov, 1991). The 
viscosity of protein–polysaccharide complexes was found to be much higher than that of 
unmixed single biopolymer solutions (Sanchez, Bartholomai, & Pilosof, 1995). In another 
study, it was shown that the viscosity of the complex coacervate system depends upon the ratio 
of the participating biopolymers (Tarr & Bixby, 1995) and their charge characteristics. All of 
these factors were found to influence the electrostatic interaction between the coacervating 
polymers (Baeza, Carp, Pérez & Pilosof, 2002; Ould Eleya, & Turgeon, 2000).  
Chang et al. (2016) reported the process of formation of complex coacervates between CPI and 
chitosan as well as its optimum pH and CPI-to-chitosan ratio. However, the rheological and 
microstructural characteristics of these CPI-Ch complex coacervates were not reported and will 
be the objectives in this paper. 
The effects of pH and CPI-to-Ch ratio on the rheological properties and microstructural 
characteristics of CPI−Ch complex coacervates are to be studied. A link between the structure 
of CPI-Ch complex coacervates and the rheological behaviour of the coacervate may therefore 
be determined − a relationship that has not been established by previous studies − as it is 
expected that the structural state of the complex coacervate gives rise to the observed 
rheological behaviour. The findings documented in this study are intended to contribute to the 
applications of CPI-Ch complex coacervates as shell materials for microcapsules. 
 
5.2 Materials and Methods 
The materials used in this study were the same as those used in a previous study by Chang et 
al. (2016). Canola protein isolates (CPI) with protein content of 87%, extracted from cold 
pressed canola meal (Cootamundra Oilseeds, New South Wales, Australia) was used. The 
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protein content is consistent with those reported by other researchers (Tzeng, Diosady & Rubin, 
1990; Klockeman, Toledo & Sims, 1997). Sodium hydroxide (NaOH), chitosan with a 
molecular weight of 50-190kDa and viscosity of 20-300cP (1wt. % in 1% acetic acid, 25°C, 
Brookfield, based on vendor’s specifications), citric acid, and acetic acid were supplied by 
Sigma-Aldrich (Australia). These chemicals were of food / analytical grade and used as 
received.  
 
5.2.1 Preparation of CPI and CPI–Ch complex coacervates 
CPI and CPI–Ch complex coacervates were prepared according to the methodology reported 
previously (Chang et al., 2016). Briefly, canola meal was defatted twice using hexane (at a 
meal-to-hexane mass ratio of 1:10 (w/w) at ambient temperature). Purified water (Milli-Q) was 
then added into the defatted canola meal (1:10 meal-to-water mass ratio at ambient temperature) 
and the pH was adjusted to a value of 12 through addition of 1.0M NaOH in order to increase 
the solubility of proteins. The mixture was stirred, centrifuged (10,000 g at 5 – 10 ºC) using 
Sorvall RC5C (Thermo Scientific, USA) and filtered through 0.45Pm Whatman #1 filter paper 
(Whatman International Ltd., Maidstone, UK). The pH of the supernatant was adjusted to a 
value of 4.0 (using 1.0M citric acid) in order to precipitate the protein. The precipitate was 
recovered by centrifugation at a speed of 10,000 g (i.e. at 5−10 ºC for 30 minutes), washed 3 
times with purified water (Milli-Q), and then freeze-dried at a temperature of -50 ºC and a 
pressure of 0.04 bar for 5 days. The freeze-dried protein was powdered and sieved using a 125 
µm sieve. 
0.5% (w/v) solutions of CPI and chitosan were prepared individually at pH 12.0 using purified 
water and 1% acetic acid (w/v), respectively. Sodium azide (0.02%) was added to both stock 
solutions. CPI–chitosan complex coacervates were prepared at CPI-to-chitosan ratios of 1:1, 
16:1, 20:1 and 30:1 (Chang et al., 2016) using the stock solutions. The pH of these mixtures 
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was adjusted to 6.0 by drop wise addition of 0.1M citric acid coupled with continuous gentle 
stirring. The precipitated complex coacervates were recovered by centrifugation (Huang, Xiao, 
Wang & Qiu, 2015) at a centrifugation speed of 4,000 rpm at ambient temperature for 30 
minutes (model 5702 centrifuge, Eppendorf AG, Germany) and used for rheological tests. 
Complex coacervates were also prepared at pH 5.0, 6.0 and 7.0 at an optimum CPI-to-chitosan 
ratio of 16:1 (Chang et al., 2016) for rheological study in order to establish the relationships 
between pH and coacervate strength. Moisture content of the precipitated samples was 
determined according to method 925.10 (AOAC, 2006). The moisture content of all precipitated 
complex coacervate samples was found to be 90% ± 2%.  
 
5.2.2 Scanning Electron Microscopy (SEM) 
The surface morphologies of freeze-dried coacervates (all CPI-to-Ch ratios at pH 6.0, and the 
CPI-to-Ch ratio of 16 at pH 5.0 and 7.0) were acquired by using scanning electron microscope 
(FEI Nova 200 NanoSEM, FEI, The Netherlands). Aluminum stubs with double-sided adhesive 
carbon tape were used to deposit the powder samples. It was sputter-coated with gold and 
observed under an accelerating voltage of 3 kV. The micrographs at 500u magnification were 
recorded under high vacuum (1.7 u 10-3 Pa) mode. 
 
5.2.3 Rheological measurements 
Rheological measurements were used to gain insights into the effects of CPI-to-chitosan mixing 
ratio and pH on the mechanical properties of the coacervates. 
All rheological properties were measured using a controlled-strain rheometer (ARES 
Rheometer 100 FRT, Rheometric Scientific, Piscataway, NJ, USA) at ambient temperature 
(25°C ± 1 ºC) to measure viscoelastic attributes (storage modulus, G’; loss modulus, G”; 
complex viscosity; and steady shear viscosity). Stainless steel parallel plates of 25 mm in 
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diameter were used in these tests. Dynamic mechanical analysis (DMA 8000, PerkinElmer Inc., 
Waltham, MA, USA) was used for temperature-sweep studies. A strain sweep was used to 
identify the linear viscoelastic region (LVR). A frequency sweep was used to determine the 
response of a material’s structure at different experimental frequencies.  
The complex coacervate sample was placed between the parallel plates of the rheometer and 
the gap between the plates was adjusted to 2 mm for every measurement. The edge of the sample 
was protected by silicon oil to prevent drying. Strain sweep tests were carried out first using a 
constant frequency of 1 rad/s to determine the LVR. All other tests including the frequency tests 
were carried out with a controlled strain amplitude of 1%. For the frequency tests, a frequency 
range of 0.1 to 100 rad/s was used. Shear viscosity was measured in the shear rate range of 0.1 
to 100 s-1.  
DMA was used to perform temperature sweeps (i.e. from -43 ºC to 85 ºC) using complex 
coacervate samples under compression mode. A single formulation of complex coacervate 
obtained at the optimum CPI-to-chitosan ratio of 16:1 and pH of 6.0 was used for this purpose. 
The compression geometry (18.2 mm in diameter and 4.7 mm thickness) was selected to suit 
the physical nature of the coacervate. Liquid nitrogen was used for cooling. A temperature ramp 
rate of 5 ºC/min and a frequency of 1 rad/s were used.  
 
5.2.4 Statistical analysis 
Measurements were taken for all experiments and statistically significant differences at 95% 
confidence level (p<0.05) were determined by t-test using Microsoft Excel software. Groups 
exhibiting statistically significant differences were classified by post hoc comparison tests using 
Duncan's Multiple Range Test.  
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5.3 Results and discussions 
5.3.1 Morphological features of CPI-chitosan complex coacervates 
Scanning electron microscopy (SEM) micrographs (Figure 5.1a, 5.1b, 5.1c, 5.1d, 5.1e, 5.1f) 
show that all CPI-chitosan complex coacervates exhibited similar sponge-like or beehive-like 
microstructure with interconnecting walls.  
The complex coacervate formed at the optimum condition (CPI-to-chitosan ratio of 16:1 and 
pH 6.0, per Chang and co-authors (2016)) had thick interconnecting walls (Figure 5.1b). The 
complex coacervate had heterogeneously sized vacuoles in the semi-dry state and contained 
solvent (mostly water) in soft gel or in semi-solid state. This type of structure has been observed 
in many dried complex coacervate systems including gum arabic-chitosan (Espinosa-Andrews 
et al., 2010) and E-lactoglobulin-acacia coacervates (Schmitt et al., 2001). From the 
micrographs, it seemed that the CPI–chitosan complex coacervate produced at pH 6.0 with a 
CPI-to-Ch ratio of 16:1 or greater had thicker interconnecting walls and was less porous. The 
complex coacervate with a CPI-to-Ch ratio of 1:1 and a pH 6.0 (Figure 5.1a) appeared to have 
the thinnest interconnecting walls. At a CPI-to-Ch ratio of 16:1 and pH 7.0 (Figure 5.1f), the 
material manifested sponge-like structural matrix with thin interconnecting walls, in 
comparison to the pH 6.0 material. This could be due to a low strength of electrostatic 
interactions between proteins and polysaccharides, with increases in pH above pH 6.0 resulting 
in weaker intermolecular bonding and hence thin walls. The microstructural features of these 
CPI-chitosan complex coacervates formed at the optimal pH of 6.0 (Figure 5.1b) and a 
suboptimal pH of 7.0 (Figure 5.1f) are consistent with the corresponding rheological data such 
as highest strength (highest G’ and G” values in Figure 5.3) and also the degree of electrostatic 
interaction (SEI data in Figure 5.6) − discussed further below. 
Uruakpa and Arntfield (2006) had shown that CPI with 0.05 M NaCl at pH 6.0 had a loosely 
crosslinked protein network with a porous and spongy appearance with regions of unevenly 
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crosslinked structure. Similar structures were observed with other CPI-Ch complex coacervates 
(Figure 5.1a, 5.1c, 5.1e, 5.1f), when the two biopolymers (CPI and chitosan) were mixed. 
 
 
 
 
Figure 5.1 : SEM micrographs of complex coacervate produced at (a) CPI-to-Ch ratio of 1:1 at 
pH 6.0. (b) CPI-to-Ch ratio of 16:1 at pH 6.0. (c) CPI-to-Ch ratio of 20:1 at pH 6.0. (d) CPI-to-
Ch ratio of 30:1 at pH 6.0. (e) CPI-to-Ch ratio of 16:1 at pH 5.0. (f) CPI-to-Ch ratio of 16:1 at 
pH 7.0. 
 
5.3.2 Effects of CPI-to-chitosan ratio on storage and loss moduli  
For the frequency sweep tests, a strain of 1% was selected based on the strain sweep data (Figure 
5.2) obtained. The elastic (G’) and viscous (G”) moduli of coacervates prepared at CPI-to-
a b 
c d 
e f 
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chitosan ratios of 1:1, 16:1, 20:1 and 30:1 and a common pH value of 6.0 were determined in 
the frequency sweep tests and are shown in Figure 5.3. The bonds between molecules in a 
material can be formed and broken during these time frames, either spontaneously or from 
applied forces. Tunick (2011) demonstrated that structural changes caused due to the 
reformation and deformation of bonds influence rheological properties. G’ and G” were 
observed to increase as CPI-to-Ch ratio increased from 1:1 to 16:1 and then decreased at CPI-
to-chitosan ratios above 16:1.  
 
  
Figure 5.2 : Strain sweep graph 
 
These results showed that CPI-to-chitosan mixing ratio had statistically significant effects 
(p<0.05) on the rheological properties of CPI-chitosan complex coacervates.  
The data showed that G' is substantially higher than G'' in complex coacervates produced from 
all CPI-to-chitosan ratios tested. The consistently higher G' than G'' at all frequencies indicated 
that these CPI-Ch complex coacervates exhibited elastic behavior. Similar results were 
observed by Uruakpa and Arntfield (2005), and Stone, Teymurova and Nickerson (2014) for 
CPI - guar gum and CPI - gum arabic complex coacervates, respectively.   
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Among all the CPI-to-chitosan ratios, the maximum G' and G'' values were observed for the 
CPI-to-chitosan ratio of 16:1. This can be attributed to formation of the strongest intermolecular 
network under these conditions, through interaction of CPI and chitosan molecules, as 
underpinned by observation of the highest yield of complex coacervates occurring at this ratio 
(Chang et al., 2016). It has been commonly accepted that G' is associated with the compactness 
of the structures or number of crosslinks in a complexing system (Murray, Myers, Baker & 
Maurice, 1981) and therefore higher G' values indicated a stronger intermolecular network, 
possibly due to the interactions between CPI and chitosan, giving rise to stable electrostatically 
linked coacervate network.  
Apart from the CPI-to-chitosan ratio of 1:1, G' and G'' increased with increasing frequency at 
almost all ratios. At the 1:1 ratio, both G' and G'' values were almost independent of sweep 
frequency. The increase in G' with increasing frequency indicated a stronger and more stable 
(durable) intermolecular connectivity.  
G’ was found to be highest at CPI-to-chitosan ratio of 16:1, whereas it was lowest at 1:1 mixing 
ratio. This increase in G’ value with the increase in the proportion of CPI in the formulation 
indicates that stronger intermolecular networks were formed between CPI and chitosan when 
an increasing number of protein molecules were available to interact or complex with the high 
number of available chitosan molecules so that charge neutralization occur. Aluko & McIntosh 
(2001) determined the molecular mass of CPI to range between 12 and 80 kDa for different 
Brassica rapeseed species. Chitosan molecules have molecular masses of 50 – 190 kDa. Thus, 
the increased G’ values reflected the compactness of the coacervate structure or larger number 
of cross-links (interaction points) in the system (Murray, Myers, Baker, & Maurice, 1981).   
G' values increased with increasing CPI-to-chitosan ratio until the ratio reached its optimum of 
16:1, whereupon the trend reversed thereafter (Figure 5.3). This was in agreement with previous 
studies on CPI–κ−carrageenan coacervate where it was reported that structure development was 
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highly dependent on protein concentration (Uruakpa, & Arntfield, 2005). Higher CPI-to-
chitosan ratios than the optimum (16:1) would leave a higher proportion of negatively charged 
protein molecules that failed to coacervate, and the excess negative charges expected in such 
systems seemingly negatively affect the network formation.  
 
Figure 5.3 : Elastic modulus (G’) and viscous modulus (G”) versus frequency at different CPI-
to-Ch ratios at pH 6.0, strain of 1% and temperature of 25oC ± 1ºC.  
 
5.3.3 Effects of pH on elastic and storage moduli 
Figure 5.4 shows the elastic (G') and viscous (G”) moduli of coacervate at different pH values.  
The data showed that G’ was higher than G'' for all tested pH values. The significantly higher 
values of G' than G'' at all measured frequencies indicates that CPI-chitosan complex 
coacervates exhibited elastic behaviour in the entire pH range tested.  
The highest and lowest G' and G” values were observed at pH 6.0 and pH 7.0 (Figure 5.4), 
respectively. This observation was consistent with our earlier report (Chang et al., 2016) that 
more compact intermolecular network and hence the highest yield of complex CPI-Ch complex 
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coacervates was observed at the optimum pH of 6.0 (the isoelectric point of CPI is at around 
pH 4.3 (Chang et al., 2016)). This may be due to the high SEI (strength of the electrostatic 
interaction, which is the product of absolute values of the zeta potential of protein and 
polysaccharide) at around pH 6.0 (Chang et al., 2016). SEI was considered to affect the binding 
strength during complex coacervation (Espinosa-Andrews, Enriquez-Ramirez, Garcia-
Marquez, Ramirez-Santiago, Lobato-Calleros & Vernon-Carter, 2013; Weinbreck, Tromp & 
de Kruif, 2004).  
Since SEI is dependent on the charge of CPI and chitosan, and the charge of the protein or 
polysaccharide is influenced by the pH of the medium, SEI also varies with the pH. Chitosan’s 
charge is also influenced by the pH. The weakest network was formed at the highest tested pH 
value of 7.0, as expected from the low SEI value. This may be due to regions of soluble 
complexes forming rather than insoluble ones. As such, either protein or chitosan may remain 
in excess creating a system containing highly molecularly segregated system. It could also be 
due to the formation of heterogeneous networks in the lower and higher pH regions, where 
regions of low protein concentration regions act as weak points (i.e. the point where bonding 
strength is low relative to bonding at other areas) resulting in an overall decrease in coacervate 
strength, as explained by Uruakpa & Arntfield (2005). There was an overall trend between 
viscosity and SEI but they did not present their lowest and highest at the same pH value.  
            5-13  
 
Figure 5.4 : Elastic modulus (G’) and viscous modulus (G”) versus frequency at different pH 
at CPI-to-Ch ratio of 16:1, strain of 1% and temperature of 25 ºC ± 1 ºC. 
 
5.3.4 Effects of CPI-to-Ch ratio and pH on shear viscosity of CPI–chitosan complex 
coacervates 
The steady shear viscosity of CPI–chitosan complex coacervates was measured as a function 
of shear rate (Figure 5.5 and Figure 5.6). The shear viscosity of these complex coacervates 
decreased exponentially with increasing shear rate for all tested CPI-to-Ch ratios and pH, 
exhibiting shear-thinning behavior. This observation correlated well (i.e. high values of the 
coefficient of determination, R2) with the power law model expressed as K = k ?̇?(n-1) (Ostwald, 
1929) for all conditions investigated here, and was also similar to the flow behaviour observed 
in CPI-gum arabic coacervate studied by Stone et al. (2014).  
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Figure 5.5 : Shear viscosity versus shear rate at different ratios, pH 6.0 and temperature of 25 
ºC ± 1 ºC. 
 
  
Figure 5.6 : Shear viscosity versus shear rate at different pH, CPI to chitosan ratio of 16:1 and 
temperature of 25 ºC ± 1 ºC. 
 
Shear viscosity was found to be highest for the complex coacervate formed with a CPI-to-Ch 
ratio of 16:1 and a pH of 6.0. The complex coacervate with the lowest shear viscosity was 
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formed at a CPI-to-Ch ratio of 1:1 and pH 6.0. The decrease in shear viscosity with shear rate 
for all tested CPI-to-chitosan ratios (1:1, 16:1, 20:1 and 30:1) was also observed in other 
coacervate system such as that of BSA / pectin (Ru, Wang, Lee, Ding & Huang, 2012). 
The complex coacervates had the highest shear viscosity at pH 6.0 and they had the lowest 
shear viscosity at pH 7.0 (Figure 5.6). The higher shear viscosity of the coacervate at pH 6.0 
(Figure 5.7) was most likely induced by stronger attractive electrostatic interactions between 
CPI and chitosan molecules, due to the formation of a relatively densely packed complex 
coacervate structure. This observation is consistent with previous findings (Baeza, Carp, Pe´rez 
& Pilosof, 2002; Ould Eleya & Turgeon, 2000) that the electrostatic interactions between 
polymers increase the shear viscosity of the resultant complex coacervates at the same solvent 
concentration. Haug, Williams, Lundin, Smidsrbd and Draget (2003) also reported that 
electrostatic interactions on the molecular level in fish gelatine−carrageenan complex 
coacervates increased the shear viscosity of the resultant complex coacervates as compared to 
the viscosity of either gelatine or carrageenan. Our results also reinforce those findings. 
 
Figure 5.7 : Viscosity/strength of electrostatic interactions (SEI) (Chang et al., 2017) of CPI–
chitosan coacervates at various pH at shear rate of 0.5 s-1 and CPI-to-Ch ratio of 16 graph. 
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5.3.5 Effects of temperature on elastic and viscous moduli of CPI–chitosan complex 
coacervates 
Temperature sweep test data of CPI-chitosan complex coacervates provide insight into the 
progress of network formation. This involves monitoring the elastic modulus and the loss 
tangent as a function of temperature. The gelling profile of CPI-chitosan complex coacervate is 
shown in Figure 8 for heating from 43 ºC to 85 ºC. The CPI–Ch complex coacervate was glassy 
and brittle at low temperature as expected, with a  glass transition temperature, Tg at -10 ºC as 
obtained from Figure 5.8) (elastic modulus versus temperature graph where the glass transition 
temperature is when the material changed from glassy (high G’) to rubbery state (sudden drop 
in G’)). In comparison, a Tg of 48ºC for canola protein isolate was found by Manamperi, Chang, 
Ukven, & Pryor (2010). In this glassy state, the molecular mobility is restricted through short-
range rotational motions. There was a sharp drop in elastic modulus following the glass 
transition temperature at -10 ºC. This was reflected in the drastic drop in tandelta (i.e. which 
indicated increased in elasticity of the material) at above 7 ºC. After the sharp drop of modulus 
above glass transition temperature (Tg), G’ became relatively constant again in the rubbery 
plateau. It is commonly accepted that the mobility of a polymer increases substantially above 
Tg and as a result, the reactivity of the polymer is enhanced (Debenedetti & Stillinger, 2001).  
The magnitude of G’ obtained in this study was relatively high compared to that of the G’ for 
CPI obtained by Paulson & Tung (1989) for temperatures from ambient up to 85ºC. This 
rheological pattern is similar to the behaviour of non-reactive synthetic polymers which 
displayed five regions of viscoelastic behaviour (Sperling, 1986). During the heating phase, the 
onset of aggregation (i.e. protein is aggregating with other protein molecules as well as other 
polysaccharide molecules), indicated by a small, gradual increase in G’ and decrease in the loss 
tangent was observed as the temperature increased from 19 ºC to 85 ºC, but the increase in G’ 
was not statistically significant (p>0.05). A similar pattern was observed in the case of CPI–κ-
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carrageenan coacervate at temperatures below 40 ºC (Uruakpa, & Arntfield, 2004).  
It is expected that heating of CPI-chitosan complex coacervates would cause denaturation of 
CPI, especially above its denaturation temperature, Td of 92.3 ºC (Chang et al., 2016) and cause 
increased exposure of hydrophobic groups which significantly affects the native properties of 
CPI (Molina & Ledward, 2003; Plancken, Loey & Hendrickx, 2007; Raikos, 2010). Hence, 
ambient temperatures between 25 ºC and 30 ºC may be a suitable condition to produce CPI–Ch 
complex coacervates as encapsulant with good rheological characteristics. Furthermore, there 
is minimum change in material properties from 30 ºC to 85 ºC and processing at ambient 
temperature is more practical and cost effective, energy saving and environmentally friendly. 
 
 
Figure 5.8 : Gelling profile of CPI–Ch coacervates upon heating from DMA 
  
5.4 Conclusions 
CPI–chitosan complex coacervates exhibited elastic, shear-thinning behaviour. The elastic 
modulus (G’) was substantially higher than the viscous modulus (G”) in CPI–Ch complex 
coacervates produced at varying CPI-to-Ch ratios. G’ and G” increased with increasing CPI-to-
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chitosan ratio up to 16:1 (the optimum ratio) and then decreased at all higher ratios. The 
maximal G’ and G” values were observed at a CPI to Ch ratio of 16:1 and pH 6.0 while 
coacervates formed at pH 7.0 had the lowest G’ values. This aligns with the microstructural 
observations using SEM where a sponge-like structure with less porous, thick interconnecting 
walls were observed for CPI-chitosan coacervate with a CPI-to-chitosan ratio of 16:1 and pH 
6.0 as compared to the other coacervates developed at different ratios and pH values. This 
demonstrates that both the CPI to chitosan ratio and the pH used for producing complex 
coacervates significantly affected the elastic modulus of the complex coacervates. The shear 
viscosity of these complex coacervates also decreased exponentially with increasing shear rate 
for all tested CPI-to-Ch ratios and pH values. 
In conclusion, CPI–chitosan ratio, pH and SEI have great impacts on the rheology and 
microstructure of CPI-chitosan complex coacervate. The elasticity of the complex coacervates 
is an indication that this may be a suitable material (subject to further testing of other properties) 
for potential product such as encapsulant as elastic capsule may not be easily broken when 
subjected to various environmental factors.  
The rheological and microstructural information for CPI–Ch coacervates formed under 
different conditions is useful in determining the use of a CPI–Ch coacervate in various 
applications and the making of a product for specific needs such as encapsulant for oil. As a 
result, wastage of by-products can be drastically reduced, which will provide a solution to tackle 
the pressing worldwide issue of by-product wastage and bring about a more environmentally 
friendly paradigm. 
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Chapter 6 : Microencapsulation of canola oil microcapsules using  
canola protein isolate–chitosan complex coacervates 
 
6.1 Introduction 
Encapsulation is the technique by which one material or a mixture of materials is coated with 
or entrapped within another material or system. The coated material is called active or core 
material, and the coating material is called the shell, wall material, carrier, or encapsulant 
(Madene, Jacquot, Scher & Desobry, 2006). The development of microencapsulation products 
began in the 1950s and encapsulation technology is now well developed and accepted within 
the pharmaceutical, chemical, cosmetic, food, and printing industries (Augustin, Sanguansri, 
Margetts & Young, 2001; Heinzen, 2002). In food products, encapsulated materials have 
included fats and oils, aroma compounds and oleoresins, vitamins, minerals, colourants, and 
enzymes (Dziezak, 1988; Jackson & Lee, 1991; Shahidi & Han, 1993). Microencapsulation 
has also been used in the past to mask the unpleasant taste of certain ingredients. In recent 
years, the concept of controlled release of the encapsulated ingredient (oil or aromatic oil) at 
the right place and the right time has become more and more interesting (Gouin, 2004). 
Flavours are known as the essence of foods. They play important roles in consumer satisfaction 
and influence the further consumption of foods. However, the stability of flavours in foods has 
attracted intense attention because of its relationship with the quality and acceptability of foods. 
Most liquid food flavours and texture enhancers, such as oil, are volatile and chemically 
unstable in the presence of air, light, moisture and high temperatures. Hence, it is beneficial to 
microencapsulate volatile ingredients prior to use in foods or beverages to limit aroma 
degradation or loss (through oxidative degradation) during processing and storage. Oxidation 
of lipids produces volatile compounds and ultimately leads to rancid and unacceptable flavour, 
which defeats the purpose of their addition. Furthermore, the products of oxidation reactions 
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are harmful to human health (German, 1999). Therefore, suitable protection and delivery 
systems are vital for these oils to retain their functionality within the formulated is food 
products. This is especially important in food intended to be consumed at a later stage, such as 
frozen, ready-made food, which has grown in popularity in the modern era due to the ever-
increasing demand for more convenient nutritional and tasty food. 
The usage of non-expensive, natural, non-toxic raw materials such as canola protein isolate for 
encapsulation is very much sought after by the food industry. The utilisation of canola meal (in 
the form of protein isolate) for encapsulation, which is thus a ‘waste’ used as a feedstock, will 
also reduce canola meal waste and maximize the utilization of its nutritional value.  
The methods that have been reported for flavour microencapsulation were reviewed by Madene 
et al. (2006). Of the methods mentioned, complex coacervation is a unique and promising 
microencapsulation technology because of its controlled release possibilities based on 
mechanical stress, temperature, or sustained release (Gouin, 2004). The process for 
encapsulation of sensitive compounds involves the emulsification of a core material with a 
dense solution of a wall material such as a polysaccharide or protein (Madene et al., 2006). 
The characteristics of the shell and core materials are important factors that play critical roles 
in encapsulation efficiency, core stability and other physicochemical aspects of microcapsules. 
In addition, bioavailability and bioefficacy of active substances strongly depend on the food 
matrix and the chosen encapsulation or delivery system. The design of an effective 
encapsulation system requires sound understanding of the physicochemical mechanisms of 
encapsulation, the chemical composition of shell matrix, and possible interactions between the 
active compounds with the shell matrix (Augustin and Hemar, 2009). Proteins and 
polysaccharides are the major biopolymers used in complex coacervation.  
Canola protein isolate (CPI) is an anionic protein that remains negatively charged within a wide 
range of pH (pH 4.0–12.0), while chitosan (Ch) remains positively charged below pH 8 (Chang 
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et al., 2016). Under suitable conditions, in dilute solutions these oppositely charged polymers 
form the complex coacervate that has been systematically studied previously (Chang et al., 
2016). However, there is a lack of study in relation to the effectiveness of canola protein isolate 
and chitosan and their complex coacervates in the microencapsulation of canola oil.  
Therefore, in this work, we attempted to evaluate the potential of canola protein isolate (CPI) 
and chitosan (Ch) to be used for the microencapsulation of canola oil (CO) using complex 
coacervation technology. Specifically, the effects of the ratio of core and wall materials and 
the composition of wall materials on the encapsulation efficiency and stability of the oil were 
studied. The study aims to provide a novel, cost-effective, environmentally friendly solution to 
encapsulate volatile substances generally, and especially canola oil for the food industry. 
 
6.2 Materials and methods 
Canola meal (cold pressed) was provided by Cootamundra Oilseeds (New South Wales, 
Australia) and stored at 4 °C in air-tight plastic bags until use. According to the supplier, the 
meal contained 36.8% proteins, 12.1% crude fats, 6.3% minerals (ash) and 9% moisture on a 
wet mass basis. These values are comparable to the reported literature values of 36.1% proteins, 
6.3% ash and 11.4% moisture, with the exception of crude fats (2.8%) (Khattab & Arntfield, 
2009; NSWDPI, 2004).  
Canola meal was extracted and purified in the laboratory according to the method reported in 
our previous studies (Chang et al., 2016). Chemicals, including sodium hydroxide, citric acid, 
acetic acid and chitosan (Ch), were purchased from Sigma-Aldrich (NSW, Australia) and were 
of analytical or food grade, and they were used as received. Transglutaminase, a crosslinker, 
was purchased from the Melbourne Food Depot, Melbourne, Australia. Canola oil (CO) was 
purchased from the local supermarket, Coles. A low molecular mass chitosan, poly(D-
glucosamine), with a viscosity of 20–300 mPa.s was obtained from Sigma-Aldrich. 
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6.2.1 Preparation of canola protein isolate 
Canola protein isolate (CPI) was prepared according to the method described in our previous 
study (Chang et al., 2016). The canola meal (500 g) was defatted by hexane extraction using a 
meal-to-hexane ratio of 1:10. The extraction was carried out for 24 hours by subjecting the 
mixture to constant mechanical stirring. The hexane containing the extracted oil was separated 
by filtration and the meal was further washed twice with hexane (2×100 mL). The recovered 
meal was air-dried in a fume hood for 24 hours in an air-conditioned room (24±2 °C). These 
defatting and drying protocols were repeated once to remove the fat content further.  
Defatted canola meal (100 g) was dispersed in purified water (Milli-Q) at a meal-to-water mass 
ratio of 1:10 and the pH of this suspension was adjusted to pH 12.0 using 1.0 M NaOH solution, 
as the solubility of canola proteins in deionized water was highest at pH 12.0. The slurry was 
stirred at 500 rpm for 2 hours at ambient temperature. The suspension was then centrifuged at 
10,000 × g for about 30 minutes at 5–10 °C using a temperature-controlled laboratory 
centrifuge (Sorvall RC5C, Thermo Scientific, USA). The supernatant was collected and filtered 
through a 0.45 Pm Whatman #1 filter paper (Whatman International Ltd., Maidstone, UK). The 
pH of the filtrate was adjusted to 4.0 (the pI of CPI) with 0.5 M citric acid to facilitate protein 
precipitation. The precipitate was recovered by centrifuging at 10,000 × g for 30 minutes. The 
protein precipitate was washed three times with purified water (3 × 1 L) and freeze-dried. The 
freeze-dried CPI was then powdered finely and sieved through a 125 μm sieve. 
 
6.2.2 Preparation of CPI and chitosan solutions 
Solutions of CPI and Ch were prepared according to the method described in our previous 
study (Chang et al., 2016). Stock solutions of 0.5% CPI and 0.5% Ch (by mass) were prepared 
using the purified CPI and Ch powders, respectively. The CPI stock solution was prepared by 
dissolving 2.5 g of CPI powder in 500 mL of purified water and adjusting the pH to 12.0 using 
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1 M NaOH to ensure good solubility of protein. The increase of pH to 12.0 is important, as the 
solubility of CPI had been reported to be on the order of 60% or less in the pH range of 2.0 to 
10.0 (Klockeman, Toledo & Sims, 1997). The aqueous mixture of CPI was constantly stirred 
for 1 hour at ambient temperature in order to dissolve the protein. The protein dispersion was 
allowed to hydrate overnight at 4 °C. The hydrated dispersion was stirred for 1 hour and 
subsequently centrifuged, and the supernatant was then recovered. The protein content of this 
supernatant solution was determined and the stock solution was stored at 4 °C until its use.  
Chitosan stock solution was prepared by dispersing 2.5 g of chitosan powder in 500 mL of 
10 g/L acetic acid prepared using purified water (Milli-Q) at ambient temperature. The aqueous 
mixture of chitosan was constantly stirred for 1 hour at ambient temperature. The chitosan was 
allowed to hydrate overnight at 4 °C. The hydrated dispersion was stirred for 1 hour before 
centrifugation to remove any undissolved solid. The supernatant was recovered and stored at 
4 °C until used. About 0.2 g/L sodium azide was added to both the CPI and the Ch stock 
solutions to prevent microbial growth.  
 
6.2.3 Microencapsulation of canola oil with canola protein isolate–chitosan complex 
coacervates 
The main factors that will affect encapsulation will be studied, including core-to-wall material 
mass ratio, biopolymer concentration, and homogenisation rate (Jyothi et al., 2010).  
In order to determine the effects of different oil-to-wall ratios, microcapsules with oil-to-wall 
(O/W) ratios of 1:1, 1:2 and 3:2 were prepared by adding the tranglutaminase crosslinker. 
Different homogenisation rates of 5000 rpm and 10,000 rpm were also adopted to determine 
the optimum homogenisation rate. 
The microcapsules were prepared according to the methodologies of a previous study (Yeo, 
Bellas, Firestone, Langer and Kohane, 2005) with some modifications. Emulsions of different 
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oil-to-wall ratios and homogenisation rates were prepared. The samples’ preparation conditions 
are tabulated in Table 3.1 (refer to experimental procedures).  
In order to prepare samples for the microscopy work, 10 g of canola oil was poured into a 
beaker with a lipid-soluble dye, Nile red (1 mg per 1 mL of canola oil) added into it so that the 
oil phase in the emulsion and in the microcapsules could be better visualised. The mixture of 
oil with Nile red was mixed until uniform.   
The mixture of oil with Nile red was added into the previously prepared 0.5% CPI solution (for 
CPI or CPI–Ch complex coacervates as wall materials) according to the required O/W ratio 
(based on an optimum CPI-to-Ch ratio of 16:1, identified from previous study (Chang et al., 
2016)). (Nile red was only added for microscopy samples, and not required for other samples.) 
The mixture was homogenised at the required rate (Table 3.1) for 5 minutes (T18, IKA, 
Staufen, Germany). For microcapsules with CPI–Ch complex coacervates as wall materials, 
chitosan (0.5%) was added into the mixture accordingly, with gradual stirring to ensure mixture 
uniformity. The pH of the mixture was then adjusted to pH 6.0 with 2.0 M citric acid, in order 
for complex coacervation to occur. The wall of the microcapsules was strengthened by the 
addition of a crosslinker, transglutaminase, while stirring. The mixture was stirred for 30 
minutes at room temperature to ensure proper mixing.   
For mixtures with CPI as the wall material, 0.5% CPI was added to canola oil to make the 
canola oil–CPI mixture. The pH of canola oil–CPI mixture was adjusted to pH 6.0 by using 
2.0 M citric acid and 2.0 M sodium hydroxide. The mixture was stirred for 30 minutes at room 
temperature to ensure proper mixing.  For mixtures with Ch as the wall material, 0.5% chitosan 
was added to canola oil to make the canola oil–Ch solution. The pH of 0.5% Ch solution was 
adjusted to pH 6.0 by using 2.0M citric acid and 2.0M sodium hydroxide and then stirred for 
30 minutes.  
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The microcapsules from the different mixtures were washed with purified water and stored 
overnight at 4 °C to facilitate decantation. The specimens were then decanted and the remaining 
microcapsules used for analysis. 
 
6.2.4 The formation, morphology and size of microcapsules 
Nile red (1 mg per 1 ml of canola oil), a lipid soluble dye, was previously dissolved in canola 
oil to provide better identification of canola oil. Micrographs of the different microcapsule 
mixtures were taken.  
For the microscopy work, a drop of mixture containing microcapsules was placed on the glass 
slide to be located under the microscope. The morphology of the newly developed 
microcapsules was analysed using an optical microscope (Nikon) with a camera (Nikon) and 
10× objective.   
The particle size distribution of the newly developed microcapsules was determined using a 
Mastersizer 2000 (Malvern Instruments, UK) utilizing laser light scattering. Droplets of 
microcapsules were introduced into a stirred tank filled with distilled water, where the 
introduced microcapsules were evenly distributed in the water medium prior to measurement. 
The refractive indices of the water and canola oil used were respectively 1.330 and 1.465. The 
microcapsule size was characterised as d10, d25, d50, d75, and d90 (diameter at which x% of the 
sample's mass is comprised of particles with a diameter less than this value).  
The span, which indicates the polydispersity of the microcapsules, was determined using the 
equation below. 
Span = (d90 – d10) / d50 
where d10, d50, and d90 are the diameter at which 10%, 50% and 90% of the sample's mass is 
comprised of particles with a diameter less than this value. 
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6.2.5 Microencapsulation efficiency 
Microencapsulation efficiency is obtained from the following equation (Yuan, Kong, Sun, 
Zeng & Yang, 2017).  
Encapsulation efficiency (%) = Mw / MD × 100 
where Mw and MD are the masses of the wet and dried microcapsules, respectively. MD was 
obtained by drying 1 g of microcapsules at 70 °C in an oven until constant mass was achieved. 
In order to determine Mw, the microcapsules was washed by the addition of 1 ml of n-hexane 
to 1 g of microcapsules and agitation using a shaker (Lab Companion, SI-600). The mixture 
was then centrifuged at 4000 rpm for 5 minutes using a centrifuge (Eppendorf, Centrifuge 
5430). The solvent was discarded and the microcapsules were washed 3 times using purified 
water and dried in the oven at 70 °C until constant mass was achieved. 
 
6.2.6 Oxidation stability 
Canola oil oxidation stability in the microcapsules was determined by measuring the amount 
of oil hydroperoxide contained in and hexanal released from the encapsulated and 
unencapsulated canola oil over a period of time. Hydroperoxides are primarily formed during 
the primary oxidation processes and hence serve as a useful indicator of the extent of oxidation 
of oil. Hexanal is a major secondary oxidation product of algal oil, which can be analysed by 
headspace analysis. 
For the hydroperoxide test, the methodology adopted by Shantha & Decker (1994) and Yuan 
et al. (2017) was utilized, with minor modifications. Briefly, newly developed microcapsules 
were placed in capped vials and kept in an oven in the dark at 5 °C for a few days. A 0.4 mL 
subsample of microcapsules was withdrawn from the stored vials, with 1.5 mL of 2-propanol–
isooctane (1:3, v/v) added into it. The mixture was then vortex-mixed 3 times for 10 s each 
time, and subsequently centrifuged at 1000 rpm for 2 minutes. 200 PL of the organic solvent 
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phase was extracted and combined with 9.8 mL chloroform–methanol (7:3, v/v) on a vortex 
mixer for 2–4 s. 50 PL of ammonium thiocyanate solution was added into the sample and 
vortex-mixed for 2–4s, followed by the addition of 50 PL of iron (II) solution. (The iron 
solution was prepared using 0.5 g FeSO4.7H2O dissolved in 50 mL of water and 0.4 g of barium 
chloride dehydrate dissolved in 50 mL of water, with 2 mL of 10 M hydrochloric acid added 
into the resulting solution and the final solution being filtered.) Determination of the 
absorbance of the sample was carried out using a spectrophotometer (Hach UV-Vis) at 500 nm 
against a blank with all the above reagents, after an incubation period of 5 minutes. 
The hexanal test was conducted according to the methodologies of Wan, Wang, Wang, Yang 
and Yuan (2013) and Yuan et al. (2017), with some modifications. In brief, 5 mL of each of 
the different microcapsule samples was placed into a 10 mL vial sealed with a rubber Teflon 
cover, with headspace for the release of hexanal. The samples were stored in a dark oven for 
27 days, after which hexanal from the headspace was extracted using a solid phase micro-
extractor (SPME) (Supercol, PDMS) for analysis. The extracted sample was injected into an 
Agilent 6890N gas chromatograph (GC) with a flame ionization detector (FID). Desorption 
from the SPME fibre occurred in the GC injection port. The hexanal headspace concentrations 
were measured using the GC equipped with a J&W DB-5 MS capillary column (length = 30 m, 
internal diameter = 0.250 mm, film thickness = 0.25 mm). The flowrate of the hydrogen carrier 
gas, was 1.2 mL/min in split mode (50:1). The injector temperature was 250 °C and the initial 
oven temperature was 40 °C, heated at a rate of 10 °C/minute to 180 °C.  
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6.2 Results 
6.3.1 Effects of complex coacervate as wall material on the formation, morphology and 
size of microcapsules 
The formation of the microencapsulation wall material occurred through the complex 
coacervation process between canola protein isolate (CPI) and chitosan (Ch), with chitosan 
providing counterions to CPI. A pH change induced complex coacervation in solution, 
resulting in the formation of a wall around the core material (i.e. canola oil). The micrograph 
of the microcapsules of canola oil that formed (Figure 6.1a) shows that microcapsules had been 
successfully produced via the complex coacervation process in the biopolymer mixture, 
through electrostatic interaction between CPI and Ch as per the equation below. 
[CPI-COO−] + [ChNH3+]                            [CPI-COO−][NH3+-Ch 
The microcapsule size and shape have been found to be important factors affecting the 
oxidative and storage stability of the encapsulated oil (Bylaite, Venskutonis & Mapdpieriene, 
2001). Different formulations produced microcapsules of different size and shape, as shown in 
the figures below. Particle morphology and particle size distribution are also important factors, 
because other properties such as stability, wettability, and dispersibility depend on these two 
factors (Vehring, 2008).  
From the micrographs (Figure 6.1a, 6.1b, and 6.1c), it can be observed that microcapsules 
formed with CPI–Ch complex coacervate as well as CPI or Ch as the wall materials. Most of 
the microcapsules generated were spherical in shape. There were differences between 
microcapsules with complex coacervate and CPI or Ch as the wall materials. Microcapsules 
with chitosan (Figure 6.1c) as the wall material appeared to have very thin walls, as well as a 
lot of surface oil surrounding the microcapsules (Figure 6.2), as compared to those with 
complex coacervate (Figure 6.1b) as the wall material. There appeared to be more hollow 
microcapsules (without oil encapsulated within) when CPI was the wall material. 
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Also, those microcapsules that developed with CPI–Ch complex coacervate as the wall material 
seemed slightly larger in size, denser in population, and had more oil encapsulated in the 
microcapsules as compared to those with only CPI or Ch as the wall material (Figure 6.1a, 
6.1c). Figure 6.2 also shows that the microcapsules with CPI–Ch complex coacervate as the 
wall material had less surface oil observed on top of the oil–complex coacervate microcapsule 
solution, as compared to the tops of the oil–CPI or oil–Ch microcapsule solutions. Figure 6.3 
also substantiates observations (Figure 6.1a) of an overall slightly larger microcapsule size with 
CPI–Ch complex coacervate used as the wall material compared to those with CPI or Ch, with 
Ch having the highest span, indicating a wide size distribution / polydispersity (Table 6.1).  
 
 
 
Figure 6.1a (Top left): Micrograph of microcapsules with CPI as the wall material.  
Figure 6.1b (Top right): Micrograph of microcapsules with CPI-Ch as the wall material.  
Figure 6.1c (Bottom): Micrograph of microcapsules with Ch as the wall material.  
All microcapsules had oil-to-wall material ratio = 3:2 and homogenisation rate = 10000rpm.  
          6-12 
 
According to Bylaite et al. (2001), the size and shape of the microcapsules are important factors 
governing the storage stability of encapsulated oil, as the release of oil from the microcapsules 
is affected by these factors. The larger microcapsule size (with low polydispersity) obtained 
with CPI–Ch complex coacervate as the wall material would provide a smaller surface area per 
unit volume of microcapsule, favouring reduced oxidation (Sahin-Nadeem & Ozen, 2014). 
 
 
Figure 6.2 : Microcapsule mixtures with oil-to-CPI–Ch ratio = 3:2 (right), oil-to-Ch ratio = 3:2 
(left), and oil-to-CPI ratio = 3:2 (middle). All microcapsules were produced at 10000 rpm with 
transglutaminase.  
 
 
Figure 6.3: Effects of CPI–Ch complex coacervate on microcapsule size distribution.  
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Table 6.1: Span of microcapsules with CPI, Ch and CPI–Ch complex coacervate as wall 
materials.  
Wall material d10 d50 d90 Span 
CPI 7 26.4 48.7 1.6 
Ch 1.2 8.4 125 15 
CPI–Ch complex coacervate 12.7 31 59.3 1.5 
 
6.3.2 Effects of oil-to-CPI–Ch complex coacervate ratio and homogenisation rate on the 
formation, morphology, and size of microcapsules 
Figure 6.4a, 6.4b and 6.4c show micrographs produced using different oil-to-CPI–Ch complex 
coacervate ratios of 3:2, 1:1 and 1:2, respectively. It can be seen that the microcapsules formed 
at an oil-to-CPI–Ch ratio of 1:2 had thicker and more defined walls when compared to those 
of oil-to-CPI–Ch ratios of 3:2 and 1:1. From Figure 6.5, it seems that more oil was encapsulated 
with decreasing oil-to-complex coacervate ratio. Microcapsules produced at oil-to-CPI–Ch 
ratios of 1:1 and 1:2 had larger particle sizes compared to those with ratios of 3:2 (Figure 6.6 
and Table 6.2).  
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Figure 6.4a (Top left): Micrograph of microcapsules with oil-to-CPI–Ch complex coacervate 
ratio = 3:2.  
Figure 6.4b (Top right): Micrograph of microcapsules with oil-to-CPI–Ch complex coacervate 
ratio = 1:1.  
Figure 6.4c (Bottom): Micrograph of microcapsules with oil-to-CPI–Ch complex coacervate 
ratio = 1:2.  
All microcapsules were produced with transglutaminase at homogenisation rate = 10000 rpm. 
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Figure 6.5: Visual comparison between microcapsules in solution (oil-to-CPI–Ch ratio = 3:2 
and oil-to-CPI–Ch ratio = 1:1 (left)), and between microcapsules in solution (oil-to-CPI–Ch 
ratio = 3:2 and oil-CPI–Ch ratio = 1:2 (right)). All microcapsules were produced at 
homogenisation rate = 10000 rpm with transglutaminase. 
 
 
Figure 6.6: Particle size distribution of microcapsules at different oil-to-CPI–Ch complex 
coacervate ratios.   
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Table 6.2: Span of microcapsules with different oil-to-CPI–Ch complex coacervate ratios.  
Oil-to-CPI–Ch complex coacervate 
ratio 
d10 d50 d90 Span 
1:1 23.4 35.3 73.9 1.4 
1:2 19.0 35.1 70.9 1.4 
3:2 12.7 31 59.3 1.5 
 
Microcapsules produced at a homogenisation rate of 5000 rpm were very large when compared 
to those produced at 10000 rpm (Figure 6.7a and 6.7b). This is confirmed by the microcapsule 
size measurement (Figure 6.9 and Table 6.3). This may be due to insufficient mixing and 
homogenisation of the mixture. However, the polydispersity at 5000 rpm was slightly higher 
compared to that at 10000 rpm. It can also be seen from the microcapsule mixtures (Figure 6.8) 
that more oil was encapsulated at the higher homogenisation rate, 10000 rpm.  
 
 
Figure 6.7a (Left): Micrograph of microcapsules produced at homogenisation rate = 5000rpm.  
Figure 6.7b (Right): Micrograph of microcapsules produced at homogenisation rate = 
10000 rpm.  
All microcapsules were of oil-to-wall material ratio = 3:2 and with transglutaminase. 
 
79µm 
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Figure 6.8: Microcapsules produced at homogenisation rates of 5000 and 10000 rpm. All 
microcapsules were made with transglutaminase at oil-to-CPI–Ch ratio = 3:2. 
 
 
Figure 6.9: Particle size distribution of microcapsules at different homogenisation rates.   
 
Table 6.3: Span of microcapsules at different homogenisation rates.  
Homogenisation rate (rpm) d10 d50 d90 Span 
5 000 24.1 63.6 127.4 1.5 
10 000 12.7 31 59.3 1.6 
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6.3.3 Microencapsulation efficiency of CPI–Ch microcapsules 
The microencapsulation efficiency of microcapsules with CPI–Ch complex coacervate as the 
wall material was much higher than those with CPI or Ch as the wall material (Table 6.4). This 
finding is in alignment with the microcapsules observed in the micrographs from the optical 
microscope and photographs of the microcapsule solution, where microcapsules with CPI or 
Ch as the wall material were smaller in size and encapsulated less oil within their shells. 
Researchers (Marfil, Paulo, Alvim & Nicoletti, 2018) have also observed similar findings in 
their work involving encapsulation of oil using complex coacervate, where microcapsules with 
complex coacervate as wall material had higher encapsulation efficiency.  
 
Table 6.4: Microencapsulation efficiency of canola oil microcapsules.  
Wall material Microencapsulation efficiency (%) 
CPI 52 
Ch 34 
CPI–Ch complex coacervate 86 (core-to-wall ratio of 1:2) 
 
Higher encapsulation efficiency was observed for microcapsules with CPI–Ch complex 
coacervate as the wall material at lower oil-to-CPI–Ch ratio, with encapsulation efficiencies of 
64% and 86% for oil-to-complex coacervate mass ratios of 3:2 and 1:2, respectively. A large 
amount of oil was encapsulated in the CPI–Ch matrix at oil-to-complex coacervate mass ratios 
of 1:2. This indicates that the microcapsules require about 66% of CPI–Ch complex coacervate 
wall material in order to properly encapsulate the oil or core. The oil-to-complex coacervate 
ratio was found to affect encapsulation efficiency of the microcapsules (p<0.05), and hence an 
important parameter affecting encapsulation efficiency.  
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6.3.4 Oxidative stability of CPI–Ch microcapsules 
Minimising oxidation of oil and protecting it from adverse impact from environmental stressors 
such as oxygen, light, heat and humidity is an important objective of microencapsulation of 
canola oil. This is because the environmental stressors will lead to rancidity in oil, which 
produces unwanted by-products such as hydrogen peroxide (Wang, Adhikari & Barrow, 2014). 
Hence, the oxidation stability of CPI–Ch microcapsules with canola oil was studied by 
determining the amount of lipid hydroperoxides (the primary oxidation by-products) and 
hexanal (the secondary oxidation by-product) formed during the thermally accelerated storage 
test. 
The results from the accelerated storage of encapsulated microcapsules indicate that oil 
microencapsulated with CPI–Ch complex coacervate had better oxidation stability (i.e. a lower 
level of primary oxidation by-products, hydroperoxide) compared to those with CPI or Ch as 
the wall material (Figure 6.10). This shows that CPI–Ch complex coacervate provided better 
protection against oxidation of oil than CPI or Ch alone.  
Oxidation stability was found to increase with decreasing oil-to-CPI–Ch ratio (Figure 6.11). 
This corroborated with the observation of more oil encapsulated at lower oil-to-complex 
coacervate ratios. At higher oil-to-CPI–Ch ratios there would be more wall material to better 
encapsulate most of the oil. Therefore, encapsulated oil would be better protected from 
oxidation. 
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Figure 6.10: Hydroperoxides (the primary oxidation by-products) of the microcapsules with 
different wall materials at an oil-to-wall ratio of 3:2 after accelerated storage at 50 °C for 5 and 
10 days.  
 
From the GC analysis, microcapsule samples with CPI–Ch complex coacervate as the wall 
material have the lowest concentration of hexanal (a secondary by-product of canola oil) when 
compared to all other tested microcapsule samples (i.e. with CPI or Ch as the wall material) 
after 27 days of storage at elevated temperature (Figure 6.12). This indicates that oil had better 
oxidation stability when encapsulated in complex coacervate. The hexanal concentration was 
also found to decrease with decreasing oil-to-wall ratio. This may be due to better protection 
arising with higher amounts of wall material. 
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Figure 6.11: Lipid hydroperoxides (the primary oxidation by-products) of the microcapsules 
with different oil-to-CPI–Ch complex coacervate ratios after accelerated storage at 50 °C for 5 
and 10 days. 
 
 
Figure 6.12 : Hexanal released for different samples after 27 days of storage (from GC 
analysis). 
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6.4 Conclusions 
Microcapsules of canola oil with CPI–Ch complex coacervate at different oil-to-complex 
coacervate ratios were successfully produced via the complex coacervation process in the 
biopolymer mixture. Microcapsules with CPI or Ch as the wall material were also formed. 
Most microcapsules were spherical in shape. Microcapsules with CPI–Ch complex coacervate 
as the wall material appeared to have thicker walls and more encapsulated oil when compared 
to those with CPI or Ch as the wall material. These microcapsules were also larger in size and 
had lower polydispersity, providing better storage stability.  
It was also shown that the oil-to-CPI–Ch complex coacervate ratio and homogenisation rate 
had effects on the morphology, microencapsulation efficiency, and storage stability of the 
microcapsules. The microencapsulation efficiency of microcapsules with CPI–Ch complex 
coacervate as the wall material was significantly higher than for those with CPI or Ch as the 
wall material. Microencapsulation efficiency was also found to increase with decreasing oil-
to-CPI–Ch complex coacervate ratio, and microcapsules with an oil-to-CPI–Ch ratio of 1:2 had 
the highest encapsulation efficiency of 86%.  
In terms of oxidation stability, microcapsules with CPI–Ch complex coacervate as the wall 
material showed superiority in this aspect, as compared to those with CPI or Ch as the wall 
material, which indicates that microcapsules with CPI–Ch complex coacervate as the wall 
material provides better protection against oxidation. 
It can be concluded that CPI–Ch complex coacervate has the potential to be used as a wall 
material for canola oil microcapsules. 
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Chapter 7 : Conclusions and Recommendations 
 
7.1 Conclusions 
In this research, CPI–Ch complex coacervate was successfully produced by liquid–liquid phase 
separation when the two oppositely charged polymers, canola protein isolate (CPI) and 
chitosan (Ch), underwent complexation. Microcapsules of canola oil were also produced using 
CPI–Ch complex coacervate as a wall material through emulsification of canola oil with a 
dense solution comprising wall materials such as protein, polysaccharide and complex 
coacervate.  
The moisture, ash content and protein content of CPI were determined. Canola protein isolate 
and chitosan were used to prepare various CPI–Ch complex coacervates under different 
conditions (i.e. pH, strength of electrostatic interactions, and CPI-to-Ch ratio), through which 
the complex coacervates with optimal properties were determined.  
The materials were systematically characterised in terms of their physical properties, thermal 
characteristics, microstructure and rheological responses. 
The microcapsules formed were utilised to compare the effectiveness of protein, 
polysaccharide and complex coacervate as wall materials. The discriminating characteristics 
of the microcapsules, such as morphology and physical characteristics, were determined using 
an optical microscope with a camera, while their particle size distribution was determined using 
laser light scattering. The effects of core-to-wall material mass ratio, biopolymer concentration, 
homogenization rate, molecular mass of biopolymer, and cross-linking were also determined.   
 
7.1.1 CPI and chitosan characteristics and composition 
CPI was found to contain 86.8 ± 1.0% protein, 0.9 ± 0.3% minerals (ash) and 4.9 ± 1.1% 
moisture from the composition analysis. The zeta potential of CPI dispersion became positive 
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below pH 4.2, where the positively charged moieties (-NH3+) outnumbers the negatively 
charged moieties (-COO−). At all the pH values above pH 4.2, the CPI dispersion remained 
negatively charged (the number of carboxyl groups (-COO−) outnumbers the amino groups 
(-NH3+)), and the negativity of CPI increased gradually with increases in pH.  
Chitosan was positively charged at pH values below 8.1 and the magnitude of zeta potential 
started to increase when the pH was reduced. The positive charge on chitosan was due to its 
solubilization in acidic environments by protonation of the amino groups (-NH3+).  
The SEI values for CPI and chitosan solutions attained their highest value of approximately 
600 mV2 at around pH 6.0, indicating that the strongest binding or attraction between CPI and 
chitosan occurred at around this pH value. This was also seen from the nearly neutral zeta 
potential of complex coacervates at pH 6.0. 
 
7.1.2 Production and optimisation of complex coacervate 
The CPI-to-chitosan mass ratio and pH were key determinants of coacervate yield. Both yield 
and turbidity of CPI–Ch complex coacervate increased as the CPI-to-chitosan mass ratio was 
increased (p<0.05), attaining their highest values at the CPI-to-chitosan ratio of 16:1. Further 
increase in the CPI-to-chitosan mass ratios decreased the yield and turbidity values (p<0.05).  
From the pH optimisation process, the yield of the complex coacervates increased with 
increasing pH values from pH 4.0 to pH 6.0 (p<0.05): there was a sharp increase from pH 4.0 
to 4.5, followed by gradual increase from pH 4.5 to 5.5 (could be due to the presence of 
insoluble CPI), and then another sharp increase (maximum yield of about 78.0%) from pH 5.5 
to 6.0 (possibly the point of the formation of insoluble complexes). There was a substantial 
increase in the turbidity of CPI from pH 4.5 onwards, before a steep decrease after pH 5.5 
(matching with the yield increase, which could be the point of the formation of insoluble 
complexes). This also correlated well with the SEI values, which were found to be highest at 
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around pH 6.0. Hence, it was determined that the optimum complex coacervation condition for 
CPI–chitosan mixtures was at a CPI-to-chitosan mass ratio of 16 and in the pH range of 5.8 to 
6.2.   
 
7.1.3 FTIR characteristics of CPI, chitosan and CPI–chitosan coacervate 
The coacervates had FTIR peaks that were a combination of the peaks of pure CPI and chitosan, 
with minor shifts, and domination by the CPI functional groups due to the high CPI-to-chitosan 
ratio. The CPI–chitosan coacervates and CPI–chitosan complex coacervates crosslinked with 
transglutaminase  manifested a strong absorption band at 1639 cm−1 (amide I, C=O and C–N 
stretching). Amide II (N–H deformation and C–N stretching) and amide III absorption bands 
were also observed in the coacervates. 
 
7.1.4 Thermal characteristics of CPI–chitosan complex coacervates 
The peak denaturation temperature and denaturation enthalpy of free CPI (Td = 77 °C and 
∆Hd = −3.8 mW/g) were much lower than those of protein in complex coacervates 
(Td (uncrosslinked) = 92.3 °C, Td (crosslinked) = 108.5 °C, ∆Hd (uncrosslinked) = −7.1 mW/g 
and ∆Hd (crosslinked) = −13.8 mW/g). The higher peak denaturation temperature and enthalpy 
of CPI in coacervates indicated that the CPI in the complexed state was more thermally stable 
than the free or unreacted CPI, with further enhancement when crosslinked with 
transglutaminase. The thermal stability of CPI in coacervate indicated that CPI–chitosan 
coacervate will be suitable to be used for encapsulation of thermally sensitive materials. 
There was minor loss of mass in CPI, CPI–chitosan and crosslinked CPI–chitosan complex 
coacervates until about 200 °C, which could be due to loss of free and bound water contained 
in the sample. A similar trend was observed for chitosan, with the onset of mass loss starting 
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from about 260 °C. Crosslinked CPI–chitosan coacervate showed less mass loss as compared 
to CPI and CPI–chitosan coacervate. 
 
7.1.5 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) micrographs showed that all tested CPI–chitosan 
complex coacervates exhibited similar sponge-like or beehive-like microstructure with 
interconnecting walls. Complex coacervate formed at the optimum condition (CPI-to-chitosan 
ratio of 16:1 and pH 6.0) had thick interconnecting walls. It had heterogeneously sized vacuoles 
in the dry state and was covered with solvent (mostly water) in the soft gel or in semi-solid 
state. It seemed that CPI–chitosan complex coacervate produced at other tested CPI-to-Ch ratio 
and pH combinations (i.e. besides a CPI-to-Ch ratio of 16:1 and pH of 6.0) had thinner 
interconnecting walls and were more porous, with the complex coacervate of CPI-to-Ch ratio 
1:1 and pH 6.0 having the thinnest interconnecting walls.  
 
7.1.6 Rheological properties 
7.1.6.1 Elastic modulus, G′ and storage modulus, G″ 
G′ and G″ were observed to increase as the CPI-to-chitosan ratio increased from 1:1 to 16:1, 
and then decreased at CPI-to-chitosan ratios above 16:1. Hence G′ and G″ were greatest at the 
CPI-to-chitosan ratio of 16:1, where the strongest intermolecular network formed through 
interaction of CPI and chitosan molecules, giving rise to a stable, electrostatically linked 
coacervate network (as also indicated by production of the highest yield of complex 
coacervates at this ratio). These results showed that the CPI-to-chitosan mixing ratio had 
statistically significant effects (p<0.05) on the rheological properties of CPI–chitosan complex 
coacervates.  
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G′ was substantially higher than G″ in complex coacervate phase produced from all 
combinations of tested CPI-to-chitosan ratios, pH values, and frequencies, which indicates that 
these CPI–chitosan complex coacervates exhibited elastic behaviour, with G′ being highest at 
a CPI-to-chitosan ratio of 16:1 and a pH of 6.0, and lowest at a ratio of 1:1 and pH 7.0. This 
correlated well with the highest and lowest SEI observations at pH 6.0 and 7.0, where SEI was 
considered to represent the binding strength. The G′ and G″ values increased with increasing 
sweep frequency at almost all ratios except for CPI-to-Ch ratio of 1:1.  
Temperature sweep test data showed the CPI–chitosan complex coacervate phase and canola 
protein isolate were glassy and brittle at low temperature (the glass transition temperature, Tg, 
was 7 °C as compared to that of canola protein isolate with a Tg of 48 °C). There was a sharp 
drop in storage modulus above the glass transition temperature at 7 °C, which became 
relatively constant in the rubbery plateau, with substantial increase in mobility after Tg. During 
the heating phase, the onset of aggregation, indicated by a small, gradual increase in G′ and 
decrease in the loss tangent, was observed as the temperature increased from 19 to 85 °C, but 
the increase in G′ was not statistically significant (p>0.05). 
The microstructural features of these CPI–chitosan complex coacervate phases formed at the 
optimum pH of 6.0 and a suboptimum pH of 7.0 were concordant with their corresponding 
rheological data, such as the occurrence of the highest strength (highest G′ and G″ values) and 
also the degree of electrostatic interaction at the same optimum. 
 
7.1.6.2 Shear viscosity 
The shear viscosity of these complex coacervate phases decreased exponentially with 
increasing shear rate for all tested combinations of CPI-to-Ch ratios and pH values, exhibiting 
shear-thinning behaviour, where their power law indices, n, were between 0 and 1. This 
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observation correlated well (i.e. high coefficient of determination, R2, for all conditions) with 
the power-law model.  
 
7.1.7 Microencapsulation 
7.1.7.1 Morphology of microcapsules of canola oil 
The micrographs of the microcapsules of canola oil with CPI–Ch complex coacervate produced 
under different conditions as the wall material showed that microcapsules had been 
successfully formed via the complex coacervation process in the biopolymer mixture. The 
microcapsule wall appeared to be thicker at lower ratios of oil to CPI–Ch complex coacervate. 
Microcapsules with either CPI or Ch alone as the wall material were also formed, although 
there were substantial differences between the microcapsules using complex coacervate as the 
wall material and those using CPI or Ch. Microcapsules with CPI–Ch complex coacervate as 
the wall material appeared to have thicker walls, formed larger microcapsules (d50 = 147 Pm, 
as compared to 26 Pm and 19 Pm for CPI and Ch wall materials, respectively) and had more 
oil encapsulated within them. Microcapsules with CPI–Ch complex coacervate as the wall 
material also had the lowest polydispersity. Most of the microcapsules formed were spherical.  
Microcapsules produced at an oil to CPI–Ch complex coacervate ratio of 1:2 had thicker and 
more defined walls when compared to those with oil-to-CPI–Ch complex coacervate ratios of 
3:2 and 1:1. They also had larger particle size and slightly higher polydispersity.  
The homogenisation rate hasalso been shown to affect microcapsule morphology. 
Microcapsules formed at 5000 rpm were much larger in size compared to those formed at 
10000 rpm, with similar polydispersity. Those microcapsules developed at 10000 rpm also had 
less surface oil. Transglutaminase further affected the microcapsule morphology where 
microcapsules with transglutaminase were larger in size. 
 
 7-7 
7.1.7.2 Encapsulation efficiency 
The encapsulation efficiency of microcapsules with CPI–Ch complex coacervate as the wall 
material was significantly higher than efficiencies with either CPI or Ch alone as the wall 
material. This accords with observations of the microcapsules under the optical microscope, 
where microcapsules with CPI or Ch as the wall material were smaller in size and encapsulated 
less oil. The encapsulation efficiency increased with decreasing ratios of oil to CPI–Ch 
complex coacervate (the highest encapsulation efficiency of 86% occurred at an oil to CPI–Ch 
complex coacervate ratio of 1:2). The ratio of oil to CPI–Ch complex coacervate was found to 
have a statistically significant effect (p<0.05) on encapsulation efficiency of the microcapsules, 
and hence is an important parameter affecting encapsulation efficiency. 
 
7.1.7.3 Oxidative stability of CPI–Ch microcapsules 
The results from the accelerated storage of encapsulated microcapsules indicate that oil 
microencapsulated within CPI–Ch complex coacervate had better oxidation stability (lower 
level of secondary oxidation by-products) in comparison to oil microencapsulated within CPI 
or Ch. GC-MS results (hexanal production) also showed similar results. 
 
7.1.7.4 Microencapsulation  
In conclusion, the newly developed CPI–Ch complex coacervate has shown promising qualities 
in terms of its physical qualities, thermal characteristics, rheological properties, and 
microstructure for usage as the wall material in microcapsules of canola oil.  
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7.2 Recommendations 
The following further research activities are recommended. 
• Drying the microcapsules using different drying methods such as freeze drying, spray 
drying, and other methodologies . 
• Study the kinetics of spray drying the microcapsules. 
• Trial tests of microcapsules on animals to determine their digestibility. 
• Trial tests of microcapsules under pilot plant conditions  / scale. 
• Study the encapsulation of other volatile edible oils using CPI–Ch complex coacervate as 
a wall material. 
• Pilot-scale study of CPI–Ch complex coacervate microcapsules. 
• Tests on other applications (e.g. pharmaceutical) of CPI–Ch complex coacervate 
microcapsules.  
 
Chapter 8 : References 
 
ABARES. (2016). Australian Crop Report (No. 187). Australian Bureau of Agricultural 
and Resource Economics andSciences. 
 
Ach, D., Briancon, S., Broze, G., Puel, F., Rivoire, A., Galvan, J., & Chevalier, Y. 
(2015). Influence of main whey protein components on the mechanism of complex 
coacervation with Acacia gum. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 481, 367–374. doi:10.1016/j.colsurfa.2015.06.006 
 
Aider, M., & Barbana, C. (2011). Canola proteins: composition, extraction, functional 
properties, bioactivity, applications as a food ingredient and allergenicity — a practical 
and critical review. Trends in Food Science and Technology, 22, 21–39. 
doi:10.1016/j.tifs.2010.11.002 
 
Aluko, R. E., & McIntosh T. (2001). Polypeptide profile and functional properties of 
defatted meals and protein isolates of canola seeds. J. Sci. Food Agric., 81(4), 391–396. 
doi: 10.1002/1097-0010(200103) 
 
AOAC, Association of Official Analytical Chemists. (2006). Official Methods of 
Analysis (18th Ed.). Vol. 534. Washington DC, USA: AOAC International. 
 
 
 
 
Arntfield, S. D., & Cai, R. (1998). Protein polysaccharide interactions during network 
formation: observations involving canola protein. In: Sessa, D. J., Willett, J. L. (Eds.), 
Paradigm for successful utilization of renewable resources (pp. 108–122). Champaign; 
American Oil Chemists’ Society. 
 
Arntfield, S. D., & Murray, E. D. (1981). The influence of processing parameters on 
food protein functionality. I. Differential scanning calorimetry as an indicator of protein 
denaturation. Can. Inst. Food Sci. Technol., 14(4), 289-294. doi:10.1016/S0315-
5463(81)72929-8) 
 
Augustin, M.A. & Hemar, Y. (2009). Nano- and micro-structured assemblies for 
encapsulation of food ingredients. Chemical Society Reviews, 38, 902–912. doi: 
10.1039/B801739P 
 
Augustin, M.A., Sanguansri, L., Margetts, C. & Young, B. (2001). Microencapsulation 
of food ingredients. Food Australia, 53(6), 220–223.  
 
Baeza, R. I., Carp, D. J., Pe´rez, O. E., & Pilosof, A. M. R. (2002). k-carrageenan-protein 
interactions: Effect of proteins on polysaccharide gelling and textural properties. Lebesmittel-
Wissenschaft & Technology 35, 741–747. doi: 10.1006/fstl.2002.0938 
 
Baeza, R.I. & Pilosof, A.M.R. (2002). Calorimetric studies of thermal denaturation of 
β-lactoglobulin in the presence of polysaccharides., LWT-Food Science and 
Technology, 35(5), 393–399. doi:10.1006/fstl.2001.0862 
 
Barrow, C., Wang, B., Adhikari, B., & Liu, H. (2013). Spray drying and encapsulation 
of omega-3 oils. In Jacobsen, C., Nielsen, N. S., Horn, A. F., & Sorensen, A. D. M. 
(Ed.), Food Enrichment With Omega-3 Fatty Acids (pp. 194-219). Cambridge, UK: 
Woodhead Publishing Limited.  
 
Bastos D. S., Barreto B. N., Souza H. K. S., Bastos M., Rocha-Leão M. H. M., Andrade 
C. T., Goncalves, M. P. (2010). Characterization of a chitosan sample extracted from 
Brazilian shrimps and its application to obtain insoluble complexes with a commercial 
whey protein isolate. Food Hydrocolloids, 24, 709–718. 
doi:10.1016/j.foodhyd.2010.03.008 
 
Bell, J.M., Rakow, G. & Downey, R.K. (2000). Comparison of amino acid and protein 
levels in oil-extracted seeds of Brassica and Sinapis species, with observations on 
environmental effects., Canadian Journal of Animal Science, 80, 169-174. 
doi:10.4141/A97-117 
 
Ben-Naim, A. (1980). Hydrophobic Interactions. New York: Plenum Press. p. 185. 
doi:10.1007/978-1-4684-3545-0 
 
Berot, S., Compoint, J. P., & Larre, C., Malabat, C., & Gueguen, J. (2005). Large scale 
purification of rapeseed proteins (Brassica napus L.). Journal of Chromatography B., 
818(1), 35–42. doi:10.1016/j.jchromb.2004.08.001 
 
Boral, S., & Bohidar, H. B. (2010). Effect of ionic strength on surface-selective patch 
binding-induced phase separation and coacervation in similarly charged gelatin–agar 
molecular systems. The Journal of Physical Chemistry B, 114, 12027–12035. 
doi:10.1021/jp105431t 
 
Bungenberg de Jong, H.G. (1949). Gels. In: Kruyt, H. R. (Eds.), Colloid Science II (pp. 
2). London: Elsevier. 
 
Burgess, D. J. (1990). Practical analysis of complex coacervate systems. J. Colloid 
Interface Sci., 140, 227–238. doi:10.1016/0021-9797(90)90338-O 
 
Burgess, D. J. (1994). Complex Coacervation: Microcapsule Formation. In Dubin, P., Bock, J., 
Davies, R. M., Schulz, D. N., Thies, C. (Ed.), Macromolecular Complexes in Chemistry and 
Biology (pp. 285-300). Springer, Berlin.  
 
Burgess, D. J., & Carless, J. E. (1984). Microelectrophoretic studies of gelatin and 
acacia for the prediction of complex coacervation. J. Colloid Interface Sci., 98(1), 1–8. 
doi:10.1016/0021-9797(84)90472-7 
 
Burgess, D. J., & Carless, J. E. (1985). Manufacture of gelatin/gelatin coacervate 
microcapsules. Int. J. Pharm., 27, 61–70. doi:10.1016/0378-5173(85)90185-1 
 
Burgess, D.J. (1990). Practical analysis of complex coacervate systems., Journal of 
Colloid and Interface Science, 1990, 140, 227–238. doi:10.1016/0021-9797(90)90338-
O 
 
Buttkus, H. (1974). On the nature of the chemical and physical bonds which contribute 
to some structural properties of protein foods: a hypothesis.  J. Food Sci., 39, 484–489. 
doi:10.1111/j.1365-2621.1974.tb02930.x 
 
Bylaitë, E., Venskutonis, P.R. & Maþdþierienë, R. (2001). Properties of caraway 
(Carum carvi L.) essential oil encapsulated into milk protein-based matrices. Eur. Food 
Res. Technol. 212(6) 661–670. doi:10.1007/s002170100297 
 
Cai. R., & Arntfield, S. (1997). Thermal gelation in relation to binding of bovine serum 
albumin polysaccharide systems. J. Food Sci., 62(6), 1129–1134. doi:10.1111/j.1365-
2621.1997.tb12228.x 
 
Chang, C., Varankovich, N., & Nickerson, M. T. (2016). Microencapsulation of canola 
oil by lentil protein isolate-based wall materials. Food Chemistry, 212, 264–273. 
doi:10.1016/j.foodchem.2016.05.136 
 
Chang, P. G., Gupta, R., Timilsena, Y. P., & Adhikari, B. (2016). Optimisation of the 
complex coacervation between canola protein isolate and chitosan. Journal of Food 
Engineering 191, 58-66. doi:10.1016/j.jfoodeng.2016.07.008 
 
Chang, P.G., Gupta, R., Timilsena Y.P. & Adhikari. (2016). Optimisation of the 
complex coacervation between canola protein isolate and chitosan. Journal of Food 
Engineering, 191, 58–66. doi: 10.1016/j.jfoodeng.2016.07.008 
 
Chen, L.Y., Remondetto, G.E. & Subirade M., Food protein-based materials as 
nutraceutical delivery systems, Trends in Food Science & Technology, 2006, 17, 272–
283. doi:10.1016/j.tifs.2005.12.011 
 
Clark, A. H., Judge, F. J., Richards, J. B., Stubbs, J. M., & Suggett, A. (1981). Electron 
microscopy of network structures in thermally induced globular protein gels. Int.  J. 
Peptide Protein Res., 17, 380–392. doi:10.1111/j.1399-3011.1981.tb02005.x 
 
Damodaran, S. (1989). Interrelationship of molecular and functional properties of food 
proteins. In: Kinsella, J. E., & Sousie, W. G. (Eds.), Food proteins (pp. 21–51). 
Champaign: American Oil Chemists’ Society. 
 
Damodaran, S. (1997). Food proteins: an overview. In: Damodaran, S., & Paraf, A. 
(Eds.), Food proteins and their applications (pp. 1–21). New York: Marcel Dekker. 
 
Darmadji, P. & Izumimoto, M. (1994). Effect of chitosan in meat preservation. Meat 
Science, 38, 243–254. doi:10.1016/0309-1740(94)90114-7 
 
Dash, M., Chiellini, F., Ottenbrite, R. M., & Chiellini, E. (2011). Chitosan — a versatile 
semi-synthetic polymer in biomedical applications. Progress in Polymer Science, 36(8), 
981–1014. doi:10.1016/j.progpolymsci.2011.02.001 
 
De Kruif C. G., Weinbreck F., and de Vries R. (2004). Complex coacervation of 
proteins and anionic polysaccharides. Current Opinion in Colloid & Interface Science, 
9, 340–349. doi:10.1016/j.cocis.2004.09.006 
de Kruif, C. G., & Tuinier, R. (2001). Polysaccharide protein interactions. Food 
Hydrocolloid 15, 555–563. doi: 10.1016/S0268-005X(01)00076-5Espinosa-Andrews, 
H., Sandoval-Castilla, O., Vázquez-Torres, H., Vernon-Carter, E. J., & Lobato-Calleros, 
C. (2010). Determination of the gum Arabic–chitosan interactions by fourier transform 
infrared, spectroscopy and characterization of the microstructure and rheological 
features of their coacervates. Carbohydrate Polymers 79, 541–546. doi: 
10.1016/j.carbpol.2009.08.040  
 
De Kruif, C. G., Weinbreck, F., & de Vries, R. (2004). Complex coacervation of 
proteins and anionic polysaccharides. Current Opinion in Colloid & Interface Science, 
9, 340–349. doi:10.1016/j.cocis.2004.09.006 
 
de Vries, R., Weinbreck, F., & de Kruif, C. G. (2003). Theory of polyelectrolyte 
adsorption on heterogeneously charged surfaces applied to soluble protein–
polyelectrolyte complexes. Journal of Chemical Physics, 118, 4649–4659. 
doi:10.1063/1.1543981 
 
Debenedetti, P. G., & Stillinger, F. H. (2001). Supercooled liquids and the glass 
transition. Nature, 410, 259-267. doi: 10.1038/35065704 
 
Devi, N., Hazarika, D., Deka, C. & Kakati, D.K. (2012). Study of complex coacervation 
of gelatin A and sodium alginate for microencapsulation of olive oil. Journal of 
Macromolecular Science, part A, 49(11), 936–945. doi:10.1016/j.cis.2016.05.009 
Devi, N., Sarmah, M., Khatun, B., & Maji, T. K. (2017). Encapsulation of active 
ingredients in polysaccharide–protein complex coacervates. Advances in Colloid and 
Interface Science, 239, 136–145. doi:10.1016/j.cis.2016.05.009 
 
Dickinson, E. (1993). Protein–polysaccharide interaction in food colloids. In: 
Dickinson, E. & Walstra, P. (Eds.), Food Colloids and Polymers: Stability and 
Mechanical Properties (pp. 77–93). Cambridge: The Royal Society of Chemistry. 
 
Dickinson, E. (1998). Stability and rheological implications of electrostatic milk 
protein–polysaccharide interactions. Trends in Food Science & Technology, 9, 347–
354. doi:10.1016/s0924-2244(98)00057-0 
 
Dickinson, E. (2003). Hydrocolloids at interfaces and the influence on the properties of 
dispersed systems. Food Hydrocolloids, 17(1), 25-39. doi:10.1016/S0268-
005X(01)00120-5 
 
Dickinson, E., & Stainsby, G. (1982). Colloids in food. London: Applied Science 
Publishers. 
 
Ducel, V., Richard, J., Saulnier, P., Popineau, Y., & Boury, F. (2004). Evidence and 
characterization of complex coacervates containing plant proteins: application to the 
microencapsulation of oil droplets. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 232(2-3), 239–247. doi:10.1016/j.colsurfa.2003.11.001 
 
Dziezak, J.D. (1988). Microencapsulation and encapsulation ingredients. Food 
Technology, 4(2), 136–151.  
 
Eghbal, N., & Choudhary, R. (2018). Complex coacervation: encapsulation and 
controlled release of active agents in food systems. Food Science and Technology, 90, 
254–264. doi:10.1016/j.lwt.2017.12.036 
 
Eleya, M. M. O., & Turgeon, S. L. (2000). The effects of pH on the rheology of E-
lactoglobulin/N-carrageenan mixed gels. Food Hydrocolloids, 14, 245-251. 
doi:10.1016/S0268-005X(99)00055-7 
 
Elmer, C., Karaca, A. C., Low, N. H., & Nickerson, M. T. (2011). Complex 
coacervation in pea protein isolate–chitosan mixtures. Food Research International, 
44(5), 1441–1446. doi:10.1016/j.foodres.2011.03.011 
 
Espinosa-Andrews, H., Báez-González, J. G., Cruz-Sosa, F., & Vernon-Carter, E. J. 
(2007). Gum Arabic–chitosan complex coacervation. Biomacromolecules, 8, 1313–
1318. doi:10.1021/bm0611634 
 
Espinosa-Andrews, H., Enriquez-Ramirez, K. E., Garcia-Marquez, E., Ramirez-
Santiago, C., Lobato-Calleros, C., & Vernon-Carter, J. (2013). Interrelationship 
between the zeta potential and viscoelastic properties in coacervates complexes. 
Carbohydrate Polymers, 95, 161-166. doi: 10.1016/j.carbpol.2013.02.053 
 
Espinosa-Andrews, H., Sandoval-Castilla, O., Vazquez-Torres, H., Vernon-Carter, E.J., 
& Lobato-Callero, C. (2010). Determination of the gum Arabic–chitosan interactions 
by Fourier Transform Infrared Spectroscopy and characterization of the microstructure 
and rheological features of their coacervates. Carbohydrate Polymers, 79(3), 541–546. 
doi:10.1016/j.carbpol.2009.08.040 
 
Evans, M, Ratcliffe, I., & Williams, P. A. (2013). Emulsion stabilisation using 
polysaccharide–protein complexes. Current Opinion in Colloid & Interface Science, 
18(4), 272–282. doi:10.1016/j.cocis.2013.04.004 
 
Fang, Z., & Bhandari, B. (2010). Encapsulation of polyphenol — a review. Trends in 
Food Science & Technology, 21(10), 510–523. doi:10.1016/j.tifs.2010.08.003 
 
FAO/WHO/UNU. (1985). Energy and protein requirements. Report of a Joint 
FAO/WHO/UNU Expert Consultation. WHO Technical Report Series. Geneva.  
 
Flory, P. J. (1953). Principles of Polymer Chemistry. London: Cornell University Press. 
 
Frisch, H. L., & Simha, R. (1956). Monolayers of linear macromolecules, Chem. Phys., 
24, 652–655. doi:10.1063/1.1742591 
 
German, J. B. (1999). Food Processing and Lipid Oxidation. In Jackson L. S., Knize 
M. G., Morgan J. N. (Eds.), Impact of Processing on Food Safety. Advances in 
Experimental Medicine and Biology (Vol. 459). Boston, USA : Springer. 
 
Gibbs, B. F., Kermasha, S., Alli, I., & Mulligan, C. N. (1999). Encapsulation in the 
food industry: a review. International Journal of Food Sciences and Nutrition, 50(3), 
213–224. doi:10.1080/096374899101256 
 
Gill, T. A., & Tung, M. A. (1978). Thermally induced gelation of the 12S rapeseed 
glycoprotein. Journal of Food Science, 43(5), 1481–1485. doi:10.1111/j.1365-
2621.1978.tb02524.x 
 
Gillberg, L., & Tornell, B. (1976). Preparation of rapeseed protein isolates. Dissolution 
and precipitation behavior of rapeseed proteins. Journal of Food Science, 41(5), 1063–
1069. doi:10.1111/j.1365-2621.1976.tb14389.x 
 
Girard, M., Schaffer-Lequart, C. 2008. Attractive interactions between selected anionic 
exopolysaccharides and milk proteins. Food Hydrocolloids, 22(8), 1425–1434. 
doi:10.1016/j.foodhyd.2007.09.001. 
 
Girard, M., Turgeon, S.L., & Gauthier, S.F. 2002. Interbiopolymer complexing 
between β-lactoglobulin and low- and high-methylated pectin measured by 
potentiometric titration and centrifugation. Food Hydrocoll., 16, 585–591. 
 
Gouin, S. (2004). Microencapsulation: industrial appraisal of existing technologies and 
trends. Trends in Food Science & Technology, 15(7–8), 330–347. doi: 
10.1016/j.tifs.2003.10.005 
 
Gurov, A. N., & Nuss, P. V. (1986). Protein-polysaccharide complexes as surfactant. 
Die Nahrung 30, 349-353. doi: 10.1002/food.19860300337 
 
Haug, I., Williams, M. A. K., Lundin, L., Smidsrbd, O., & Draget, K. I. (2003). 
Molecular interactions in, and rheological properties of, a mixed biopolymer system 
undergoing order/disorder transitions. Food Hydrocolloids 17, 439–444. doi: 
10.1016/S0268-005X(03)00029-8 
 
Heinzen, C. (2002). Microencapsulation solve time dependent problems for 
foodmakers. Eur. Food Drink, 3, 27–30. 
 
Hench, L.L. (1998). Biomaterials: a forecast for the future. Biomaterials, 19, 1419–
1423. doi:10.1016/S0142-9612(98)00133-1) 
 
Hirano, S., Seino, H., Akiyama, Y., & Nonaka, I. (1990). Chitosan: a Biocompatible 
Material for Oral and Intravenous Administrations. In: Gebelein C.G., & Dunn R.L. 
(Eds.), Progress in Biomedical Polymers. Boston: Springer. 
 
Hoglund, A. S., Rodin, J., Larsson, E., & Rask, L. (1992). Distribution of napin and 
cruciferin in developing rapeseed embryo. Plant Physiology, 98, 509–515. 
doi:10.1104/pp.98.2.509 
 
Hou, W. M., Miyazaki, S., Takada, M., & Komai, T. (1985). Sustained release of 
indomethacin from chitosan granules. Chem. Pharm. Bull., 33, 3986–3992. 
doi:10.1248/cpb.33.3986 
Hsieh, C. Y., Tsai, S. P., Wang, D. M., Chang, Y. N., & Hsieh, H. J. (2005). Preparation 
of γ-PGA/chitosan composite tissue engineering matrices. Biomaterials, 26, 5617–
5623. doi:10.1016/j.biomaterials.2005.02.012 
 
Huang, C. Y., Chen, C., & Lee, Y. (2007). Synthesis of high loading and encapsulation 
efficient paclitaxel-loaded poly(n-butyl cyanoacrylate) nanoparticles via miniemulsion. 
International Journal of Pharmaceutics, 338(1–2), 267–275. 
doi:10.1016/j.ijpharm.2007.01.052 
 
Huang, G. Q., Sun, Y. T., Xiao, J. X., & Yang, J. (2012). Complex coacervation of 
soybean protein isolate and chitosan. Food Chemistry, 135, 534–539. 
doi:10.1016/j.foodchem.2012.04.140 
 
Huang, G. Q., Xiao J. X., Wang S. Q., Qiu, H. W. (2015). Rheological properties of O-
carboxymethyl chitosan – gum Arabic coacervates as a function of coacervation pH. 
Food Hydrocolloids 43, 436-441. doi.org/10.1016/j.foodhyd.2014.06.015 
 
Huang, Y., Cheng, Y., Yu, C., Tsai, T, & Cham, T. (2007). Microencapsulation of 
extract containing shikonin using gelatin–acacia coacervation method: a formaldehyde-
free approach. Colloids and Surfaces B: Biointerfaces, 58(2), 290–297. 
doi:10.1016/j.colsurfb.2007.04.013 
 
Imeson, A. P., Ledward, D. A., & Mitchell, J. R. (1977). On the nature of the 
interactions between some anionic polysaccharides and proteins. J. Sci. Food. Agric., 
28(8), 661–668. doi: 10.1002/jsfa.2740280802  
Imeson, A. P., Watson, P. R., Mitchell, J. R., & Ledward, D. A. (1978). Protein recovery 
from blood plasma by precipitation with polyuronates. J. Food Technol., 13, 329–338. 
doi:10.1111/j.1365-2621.1978.tb00810.x 
 
Jackson, L.S. & Lee, K. (1991). Microencapsulation and food industry. Lebensm. Wiss. 
u. Technol., 24(4), 289–297.  
 
Jayakumar, R., Menon, D., Manzoor, K., Nair, S. V., & Tamura, H. (2010). Biomedical 
applications of chitin and chitosan based nanomaterials — a short review. 
Carbohydrate Polymers, 82(2), 227-232. doi:10.1016/j.carbpol.2010.04.074 
 
Jiang H., Zhang, M., McKnight, S. & Adhikari, B. (2013). Microencapsulation of α-
amylase by carrying out complex coacervation and drying in a single step using a novel 
three-fluid nozzle spray drying. Drying Technology, 31, 1901–1910. doi: 
10.1080/07373937.2013.771365 
 
Jizomoto, H., Kanaoka, E., Sugita, K., & Hirano, K. (1993). Gelatin–acacia 
microcapsules for trapping micro oil droplets containing lipophilic drugs and ready 
disintegration in the gastrointestinal tract. Pharmaceutical Research, 10(8), 1115–1122. 
doi:10.1023/A:1018951814939 
 
Joesten, M. D., & Schaad, L. J. (1974). Hydrogen Bonding. New York: Marcel Dekker. 
p. 182. 
 
Jyothi, N. V. N., Prasanna, P. M., Sakarkar, S. N., Prabha, K. S., Ramaiah, P. S., & 
Srawan, G. Y. (2010). Microencapsulation techniques, factors influencing 
encapsulation efficiency. Journal of Microencapsulation, 27(3), 187–197. 
doi:10.3109/02652040903131301 
 
Kaibara K., Okazaki T., Bohidar H.B., and Dubin P.I. 2000. pH-induced coacervation 
in complexes of bovine serum albumin and cationic polyelectrolytes. 
Biomacromolecules, 1, 100–107. doi:10.1021/bm990006k 
 
Karaca, A. C., Low, N., & Nickerson, M. (2011). Emulsifying properties of chickpea, 
faba bean, lentil and pea proteins produced by isoelectric precipitation and salt 
extraction. Food Research International, 44(9), 2742–2750. 
doi:10.1016/j.foodres.2011.06.012 
 
Karaosmanoglu, F., Cift, B.D. & Isigigur-Ergudenler A. (2001). Determination of 
reaction kinetics of straw and stalk of rapeseed using thermogravimetric analysis. 
Energy Sources, 2001, 23, 767–774. 
 
Kayitmazer, A. B., Strand, S. P., Tribet, C., Jaeger, W., & Dubin, P. L. (2007). Effect 
of polyelectrolyte structure on protein–polyelectrolyte coacervates: coacervates of 
bovine serum albumin with poly(diallyldimethylammonium chloride) versus chitosan. 
Biomacromolecules, 8, 3568–3577. doi:10.1021/bm700645t 
 
Khattab, R. Y., & Arntfield, S. D. (2009). Functional properties of raw and processed 
canola meal. LWT — Food Sci. Technol., 42(6), 1119–1124. 
doi:10.1016/j.lwt.2009.02.009 
 Khattab, R.Y. & Arntfield, S.D. (2009). Nutritional quality of legume seeds as affected 
by some physical treatments 2. Antinutritional factors. LWT — Food Science and 
Technology, 42(6), 1113–1118. doi: 10.1016/j.lwt.2009.02.004 
 
Kinsella, J. E. (1982). Relationships between structure and functional properties of food 
proteins. In: Fox, P. F., & London, J. J. (Eds.), Food proteins (pp. 51–103). London: 
Applied Science Publishers. 
 
Kinsella, J. E., Damodaran, S., & German, J. B. (1985). Physicochemical and functional 
properties of oilseed proteins with emphasis on soy proteins. In: Altshul, A., & Wilcke, 
H. (Eds.), New protein foods: seed proteins (pp. 107–179). London: Academic Press. 
 
Klassen, D. R., Elmer, C. M., & Nickerson, M. T. (2011). Associative phase separation 
involving canola protein isolate with both sulphated and carboxylated polysaccharides. 
Food Chemistry, 126(3), 1094–1101. doi:10.1016/j.foodchem.2010.11.138 
 
Klockeman, D. M., Toledo, R., & Sims, K. A. (1997). Isolation and characterization of 
defatted canola meal protein. J. Agric. Food Chem., 45(10), 3867–3870. 
doi:10.1021/jf970026i 
 
Kong, J. & Yu, S. (2007). Fourier transform infrared spectroscopic analysis of protein 
secondary structures. Acta Biochimica et Biophysica Sinica, 39(8), 549–559. 
doi:10.1111/j.1745-7270.2007.00320.x 
 
Lampart-Szczapa, E. (2001). Legume and oilseed proteins. In Sikorski, Z.E. (Eds.), 
Chemical and functional properties of food proteins (pp. 407–436). New York: CRC 
Press. 
 
Lan, Y., Chen, B., & Rao, J. (2018). Pea protein isolate–high methoxyl pectin soluble 
complexes for improving pea protein functionality: effect of pH, biopolymer ratio and 
concentrations. Food Hydrocolloids, 80, 245–253. doi:10.1016/j.foodhyd.2018.02.021 
 
Lee, A. C., & Hong, Y. H. (2009). Coacervate formation of D-lactalbumin–chitosan 
and E-lactoglobulin–chitosan complexes. Food Research International, 42, 733–738. 
doi: 10.1016/j.foodres.2009.02.022 
 
Lee, C. H., & Rha, C. K. (1979). Rheological properties of proteins in solution. In 
Sherman, P. (Eds.), Food Texture and Rheology (pp. 245). New York, NY: Academic 
Press. 
 
Li, X., Deng, X., Yuan, M., Xiong., Huang, Z., Zhang, Y., & Jia, W. (1999). 
Investigation on process parameters involved in preparation of poly-DL-lactide-
poly(ethylene glycol) microspheres containing Leptospira Interrogans antigens. 
International Journal of Pharmaceutics, 178(2), 245–255. doi:10.1016/S0378-
5173(98)00379-2 
 
Liu C., Yang X.Q., Lin M.G., Zhao R.Y., Tang C.H., Luo L.& Liu, L. (2011). Complex 
coacervation of chitosan and soy globulins in aqueous solution: a electrophoretic 
mobility and light scattering study. International Journal of Food Science & 
Technology, 46(7), 1363–1369. doi:10.1111/j.1365-2621.2011.02604.x 
 
Liu, S, Low, N. H., & Nickerson, M. T. (2010). Entrapment of flaxseed oil within 
gelatin–gum arabic capsules. J. Am. Oil Chem. Soc., 87(7), 809-815. 
doi:10.1007/s11746-010-1560-7 
 
Liu, S., Low, N. H., & Nickerson, M. T. (2009). Effect of pH, salt and biopolymer ratio 
in the formation of pea protein isolate–gum Arabic complexes. Journal of Agricultural 
and Food Chemistry, 57, 1521–1526. doi:10.1021/jf802643n 
 
Lonnerdal, B., & Janson, J. C. (1972). Studies on Brassica seed proteins: I. The low 
molecular weight proteins in rapeseed. Isolation and characterization. 278(1), 175-183. 
doi:10.1016/0005-2795(72)90119-5 
 
Lonnerdal, B., Gillberg, L. & Tonell, B. (1977). Preparation of rapeseed protein isolates: 
a study of rapeseed protein isolates by molecular sieve chromatography. Journal of 
Food Science, 42(1), 75–78. doi:10.1111/j.1365-2621.1977.tb01221.x 
 
Lopez, C. R., & Bodmeier, R. (1996). Effect of formulation and process variables on 
the formation of chitosan–gelatin coacervates. International Journal of Pharmaceutics, 
135(1–2), 63–72. doi:10.1016/0378-5173(95)04347-0 
 
Madene, A., Jacquot, M., Scher, J. & Desobry, S. (2006). Flavour encapsulation and 
controlled release — a review. International Journal of Food Science and Technology. 
41, 1–21. doi:10.1111/j.1365-2621.2005.00980.x 
 
Manamperi, W. A. R., Chang, S. K. C., Ukven, C. A., & Pryor, S. W. (2010). Plastics from an 
improved canola protein isolate : preparation and properties. Journal of the American Oil 
Chemists’ Society 87(8), 909-915. doi: 10.1007/s11746-010-1616-8 
 
Marcone, M. F., Kakuda, Y., & Yada, R. Y. (1998). Salt-soluble seed globulins of 
various dicotyledonous and monocotyledonous plants. I. Isolation/purification and 
characterization. Food Chem., 62(1), 27–47. doi:10.1016/S0308-8146(97)00158-1 
 
Marfil P.H.M., Paulo B.B., Alvim I.D. & Nicoletti V.R. (2018). Production and 
characterization of palm oil microcapsules obtained by complex coacervation in gelatin 
/ gum Arabic. Food Process Engineering, 41(4). 1-11. doi:10.1111/jfpe.12673 
 
Mattison, W., Brittain, I. J., & Dubin, P. L. (1995). Protein–polyelectrolyte phase 
boundaries. Biotechnol. Prog. 11(6), 632–637. doi:10.1021/bp00036a005 
 
Mieth, G., Bruckner, J., Kroll, J., & Pohl J. (1983). Rapeseed: constituents and protein 
products. Part 2: preparation and properties of protein-enriched products. Nahrung, 
27(8), 759–801. doi:10.1002/food.2750270808 
 
Miyazaki, S., Ishii, K., & Nadai, T. (1981). The use of chitin and chitosan as drug 
carriers. Chem. Pharm. Bull., 29, 3067–3069. doi:10.1248/cpb.29.3067 
Molina, & Ledward. (2003). Effects of combined high-pressure and heat treatment on the 
textural properties of soya gels. Food Chemistry 80(3), 367-370. doi: 10.1016/S0308-
8146(02)00274-1 
 
Monsalve, R. I., & Rodriguez, R. (1990). Purification and characterization of proteins 
from the 2S fraction from seeds of the Brassicaceae family. Journal of Experimental 
Botany, 41, 89–94. doi:10.1093/jxb/41.1.89 
 
Moor, C. P. D., Doh, L., & Siegel, R. A. (1991). Long term structural changes in pH-
sensitive hydrogels. Biomaterials, 12(9), 836-840. doi:10.1016/0142-9612(91)90071-
H 
 
Moschakis, T., & Biliaderis, C. G. (2017). Biopolymer-based coacervates: structures, 
functionality and applications in food products. Current Opinion in Colloid & Interface 
Science, 28, 96-109. doi:10.1016/j.cocis.2017.03.006 
 
Murray, E. D., Myers, C. D., Baker, L. D., & Maurice, T. J. (1981). Functional attributes 
of proteins – a noncovalent approach to processing and utilizing plant proteins. In: Ould 
Eleya, M. M., & Turgeon, S. L. (2000). The effects of pH on the rheology of b-
lacglobulin / k-carrageenan mixed gels. Food Hydrocolloids 14, 245–251. doi: 
10.1016/S0268-005X(99)00055-7 
 
Muzzarelli, R. A., Mattioli-Belmonte, M., Pugnaloni, A., & Biagini, G. (1999). 
Biochemistry, histology and clinical uses of chitins and chitosans in wound healing. In: 
Jolles, P., & Muzzarelli, R. A. A. (Eds.), Chitin and Chitinases. (pp. 251-264). Berlin: 
Birkhauser.  
 
Nakajima, A., & Sato, H. (1972). Phase relationships of an equivalent mixture of 
sulfated polyvinyl alcohol and aminoacetalyzed polyvinyl alcohol in microsalt aqueous 
solution. Biopolymers, 10, 1345–1355. doi:10.1002/bip.1972.360110704 
 
New South Wales Department of Primary Industries (NSWDPI). (September 2004). 
Canola Meal — Limitations and Opportunities. 
 
Newkirk, R. (2009). Canola meal feed industry guide. Canadian International Grains 
Inst., Winnipeg, MB. 
 
Oakenfull, D., & Scott, A. (1984). Hydrophobic interaction in the gelation of high 
methoxyl pectins. J. Food Sci., 49, 1093–1098. doi:10.1111/j.1365-
2621.1984.tb10401.x 
 
Oakenfull, D., Pearce, J., & Burley, R.W. (1997). Protein gelation. In: Damodaran, S., 
& Paraf, A. (Eds). Food proteins and their applications. New York: Marcel Dekker. 
pp. 111–141. 
 
Ohlson, R., & Anjou, K. (1979). Rapeseed protein products. J. Am. Oil Chem. Soc., 
56(3), 431–437. doi:10.1007/BF02671531 
 
Ohlson, R., & Sepp, R. (1975). Rapeseed and other crucifers. In: Pirie, N. W. (Eds.), 
Food Protein Sources (pp. 65–78). Cambridge University Press.  
Ostwald, W. 1929. de Waele-Ostwald equation. Kolloid Zeitschrift. 47(2), 176-187. 
Oul Eleya, M.M. & Turgeon S.L. (2000). The effects of pH on the rheology of 
β-lactoglobulin/κ-carrageenan mixed gels. Food Hydrocolloids, 14, 245–251. 
doi:10.1016/S0268-005X(99)00055-7 
 
Ould Eleya, M.M. & Turgeon, S.L. (2000). The effects of pH on the rheology of β-
lactoglobulin/κ-carrageenan mixed gels. Food Hydrocolloids, 14, 245–251. 
doi:10.1016/S0268-005X(99)00055-7 
 
Overbeek, J. T. G., & Voorn, M. J. (1957). Phase separation in polyelectrolyte solutions. 
Theory of complex coacervation. J. Cell. Comp. Physiol., 49(1), 7–26. 
doi:10.1002/jcp.1030490404 
 
Palmieri, G. F., Martell, S., Lauri, D., & Wehrle, P. (1996). Gelatin–acacia complex 
coacervation as a method for ketoprofen microencapsulation. Drug Development and 
Industrial Pharmacy, 22, 951–957. doi:10.3109/03639049609065925  
 
Pastuszewska, B., Ochtabinska, A., & Morawski, A. (2000). A note on the nutritional 
adequacy of stock diets for laboratory rats and mice. J. Anim. Feed Sci., 9(3), 533–542. 
doi:10.22358/jafs/68075/2000 
 
Patterson, D. (1982). Polymer compatibility with and without a solvent. Polym. Eng. 
Sci., 22(2), 64–73. doi:10.1002/pen.760220204 
 
 
Paulson, A.T., & Tung, M.A. (1988). Rheology and microstructure of succinylated 
canola protein isolate. Journal of Food Science, 53(3), 821–825. doi:10.1111/j.1365-
2621.1988.tb08962.x 
 
Paulson, A. T., & Tung, M. A. (1989). Thermally induced gelation of succinylated canola 
protein isolate. Journal of Agricultural and Food Chemistry 37(2), 319-326. doi: 
10.1021/jf00086a010 
 
Paulson, A.T., & Tung, M.A. (1989). Thermo-rheological changes in protein-replaced 
meat emulsions. Canadian Institute of Food Science and Technology Journal, 22(1), 
80–82. doi:10.1016/S0315-5463(89)70306-0 
 
Pedroche, J., Yust, M. M., Lqari, H., Giron-Calle, J., Alaiz, M., Vioque, J., & Millan, 
F. (2004). Brassica carinata protein isolates: chemical composition, protein 
characterization and improvement of functional properties by protein hydrolysis. Food 
Chem., 88(3), 337–346. doi:10.1016/j.foodchem.2004.01.045 
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Addendum 
 
The flow curve of shear stress vs shear rate for CPI-to-Ch ratio of 16:1 and pH 6.0 is as 
below. It is clear from this flow curve that no yield stress is observed. This flow curve 
is demonstrated for the optimum conditions and is reflective of system used in this study. 
 
 
Figure : Shear stress versus shear rate at CPI-to-Ch ratio of 16:1 and pH 6.0 
This curve is shown in the amended thesis as Addendum. 
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